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PLAN  OF  INSTALLATION. 

3216.  The  power  station  is  a  building  intended  for 
the  reception  of  all  the  apparatus  necessary  to  the  economi- 
cal and  reliable  generation  of  power  and  its  transformation 
into  .electric  energy  for  transmission  through  outside  cir- 
cuits to  the  points  where  it  is  to  be  used.  It  is  usual,  when 
ground  is  not  expensive,  to  build  a  one-story  structure, 
providing  room  for  offices, 
stores,  machinery,  and  boil- 
ers; or  a  separate  building 
may  be  erected  for  offices 
and  stores.  A  fireproof  con- 
struction is  most  desirable, 
and,  in  any  event,  there 
should  be  a  fire  wall  with 
iron  communicating  doors 
between  the  boiler-room 
and  engine-room.  The  com- 
plete separation  of  these  de- 
partments will  prevent  ac- 
cumulation of  dust  on  the 
engines  and  dynamos,  due 
to  the  handling  of  coal  and 
ashes,  and  will  also  keep  the 
gases  and  vapors  which 
arise    in     the     boiler-room  fi&.  ngg. 
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from  injuring  the  machinery.  When  the  available  ground 
space  is  limited,  the  usual  arrangements  provide  for  placing 
the  engines  and  boilers  on  the  ground  floor  and  the  dynamos 


Fig.  1199. 
on  the  next  above,  the  power  being  transmitted  by  means 
of  belts.     One  method  employs  individual  driving  from  each 
engine  to  one  or  two  dynamos  located  directly  above,  but  a 
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better  one  is  to  make  use  of  countershafts  on  the  engine  or 
dynamo  floor,  or  both.  These  countershafts  are  divided 
into  sections  and  fitted  with  friction  pulleys  in  such  a  way 
as  to  permit  of  any  desired  combination  of  engines  and 
dynamos,  an  arrangement  best  calculated  to  ensure  un- 
interrupted service.  A  simple  example  of  such  an  instal- 
lation is  shown  in  Fig.  1198,  the  lower  view  being  an 
elevation.  The  engines  are  on  the  lower  floor  and  the 
countershaft  c  on  the  upper  floor,  directly  above  the  fly- 
wheels ax»d  connected  by  belting  to  the  dynamos  d.  Two 
engines  are  indicated,  their  fly-wheels  w,  w  being  dotted  in 
the  plan.  This  system  allows  of  considerable  extension, 
and  may,  of  course,  be  laid  out  on  one  floor.  A  further 
economy  of  space  may  be  attained  by  installing  a  second 
row  of  dynamos  between  the  first  row  and  the  countershaft, 
and  providing  another  set  of  pulleys. 

3217.  A  plan  showing  the  general  arrangement  of 
machinery  and  boilers  for  a  small  station  is  given  in  Fig. 
1199.  The  engines  e  are  placed  near  the  walls,  allowing  the 
whole  center  of  the  room  for  the  dynamos  d.  At  one  end 
is  the  countershaft  a  r,  which  may  be  divided  and  fitted 
with  a  coupling  at  y"  for  disconnecting  one-half  of  the  gen- 
erating plant  when  the  load  is  light.  The  switchboard  .$■ 
should  be  near  the  dynamos,  but  not  so  close  as  to  be  liable 
to  injury  from  a  broken  belt.  Beyond  the  fire  wall  are  the 
boilers  ^,  arranged  so  that  the  distance  from  them  to  the 
engine  shall  be  as  small  as  possible,  to  avoid  condensation 
of  steam  in  the  pipes. 

CHOICE  OF  LOCATION. 

3218.  The  choice  of  location  of  the  power-house  is  a 
most  important  matter.  The  principal  considerations  affect- 
ing this  question  are: 

1st.  Probable  distribution  of  load  over  the  system. 

2d.    Cost  of  ground  for  building  site. 

3d.    Coaling  facilities  and  water-supply. 

Concerning  the  first  point,  it  is  best,  other  things  being 
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equal,  to  have  the  station  situated  as  near  as  possible  to 
that  portion  of  the  system  having  the  heaviest  load.  It  is 
not  necessary,  or  always  right,  that  the  station  should  be 
located  at  the  point  where  the  greatest  amount  of  power  is 
to  be  used,  but  it  should  be  placed  in  what  we  may  call  the 
center  of  gravity  of  the  system,  when  the  largest  feeders 
will  also  be  the  shortest.  Suppose  the  plant  is  for  furnish- 
ing light  and  power  in  a  town,  and  it  is  expected  that  the 
current  consumption  in  the  different  sections  will  have  the 
g)  relative  values  of  1,  3,  5,  9,  and 

^— ^  11;    also,  that    a    map  would 
V^  indicate  the  distributing  cen- 
yc\  ^  ■  ters    to    be   spaced   about    as 

^  shown    in    Fig.     1200.       The 

©center  of  gravity  may  be  de- 
-  termined      graphically,      and 

Fig.  1200.  will,  in    this    case,  be    at    the 

point  marked  P.  S.,  which  determines  the  location  of  the 
power  station.  There  are  still  the  other  governing  factors 
to  be  considered,  namely,  the  cost  of  land,  taxes,  and  the 
matter  of  coal  and  water-supply.  If  real  estate  in  that  par- 
ticular neighborhood  were  cheap,  it  might  be  well  to  build 
there,  but  such  an  advantage  may  be  more  than  offset  by 
inconvenience  and  expense  in  coal  transportation.  On  this 
account  a  water  front  is  a  desirable  location ;  for  coal  may 
then  be  unloaded  from  barges,  and  brought  on  cars  over  a 
special  track  direct  to  the  boiler-room;  and  water  for  the 
boilers  and  for  condensing  purposes  may  be  obtained  at  a 
cost  not  exceeding  that  of  the  necessary  pumping  outfit. 


STEAM   PIPING. 

3219.  The  steam  pipinjo:  for  the  station  should  re- 
ceive the  most  careful  thought,  as  it  is  of  the  greatest 
importance,  and  upon  its  correct  design  will  depend  the 
prime  requisite  of  successful  operation,  which  is,  that  under 
no  circumstances  should  there  be  failure  of  the  current  sup- 
ply  to   the  lines.     Some   of   the    engines   in     many  power 
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stations  must  be  kept  turning  all  the  time.  The  simplest 
means  of  connection  is  to  supply  steam  to  each  engine  from 
an  independent  boiler;  but  the  objection  to  this  is  that,  in 
the  event  of  trouble  with  any  boiler,  necessitating  repairs, 
its  engine  would  also  be  put  out  of  service.  To  overcome 
this  difficulty,  the  boilers  might  all  be  connected  together 
by  a  steam  main,  as  at  ;//,  Fig.  1201 ;  this  is  provided  with 
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gate-valves  v,  v,  which,  with  the  valves  ?',  at  the  engines 
and  those  at  the  boilers  i\,  afford  a  means  of  disconnecting 
any  engine  or  boiler  without  affecting  the  rest  of  the  plant. 
This  system  is  the  cheapest  reliable  one,  but  is  not  the  best, 
because  there  is  no  duplication  of  pipes,  and  if  one  were  to 
burst,  or  otherwise  get  out  of  order,  the  engine  or  boiler 
connected  to  it  would  be  put  out  of  service. 
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3220«  There  are  two  principal  methods  of  installing  a 
duplicate  system,  and  they  differ  at  first  sight  only  in  point 
of  size  of  pipes,  A  diagram  of  the  arrangement  is  shown 
in  Fig.  1202.  Two  mains  ;;?,  w,  run  the  whole  length  of 
the  boiler-room,  being  connected  on  one  side  with  leaders  to 
the  boilers  a,  by  r,  and  on  the  other  with  leaders  passing 


through  the  fire  wall  w  to  the  engines.  These  connecting 
pipes,  it  will  be  seen,  are  all  in  pairs,  and  start  from  the 
two  mains;  each  one  is  provided  with  a  gate-valve  v  at  the 
end,  and  every  pair  terminates  in  a  cast-iron  Y,  whether  at 
the  drum  of  the  boiler  or  at  the  engine.  This  system, 
therefore,  provides  a  double  path  for  the  steam  between  any 
engine   and  any  boiler,  and  renders  almost  wholly  improb- 
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able  a  suspension  of  operation  due  to  accident  to  the  steam- 
power  generating  plant.  The  difference  alluded  to  between 
the  two  methods  of  duplicating  is,  that  in  one  pipes  are  pro- 
vided of  such  size  that  one  set  alone  will  carry  the  steam 
for  the  engines,  and  the  duplicate  piping  is  held  as  a  reserve, 
while  in  the  other  the  pipes  are  of  smaller  size  and  are  in 
use  all  the  time,  their  combined  area  of  cross-section  being 
necessary  for  delivering  the  steam  at  the  determined  pres- 
sure. The  first  system  is  employed  quite  frequently,  but 
has,  nevertheless,  many  disadvantages.  It  is  impossible  to 
keep  the  valves  connecting  with  the  reserve  piping  closed  so 
tightly  that  no  steam  will  leak  past,  and  there  is  always  a 
pressure  indicated  on  the  gauge.  The  exposure  of  all  this 
surface  to  condensation,  even  though  protected  by  non- 
conducting covering,  entails  a  continual  waste  of  energy, 
and  the  drips  always  have  to  be  left  open  to  prevent  the 
pipes  filling  up  with  water.  Then,  the  first  cost  of  such  a 
system  is  considerably  higher  than  if  the  smaller  pipes  were 
used,  and  repairs  are  more  expensive.  It  may  also  happen 
that  an  engineer  will  habitually  use  one  set  of  pipes  alone 
for  a  long  period,  and  when  an  accident  compels  him  to 
close  this  set,  he  finds  that  the  valves  of  the  auxiliary  piping 
have  become  seated  through  rust  or  deposits  from  the  water 
and  are  immovable,  and  a  shut-down  is  the  result.  With 
the  second  system,  which  presents  another  advantage,  in 
that  the  exposed  surface  of  pipes  is  less,  both  sides  are  in 
service  continually,  and  if  an  accident  should  occur  to  one 
branch,  the  remaining  one  will  furnish  steam  until  a  repair 
is  accomplished.  There  would  be,  through  the  one  pipe,  a 
greater  drop  in  pressure,  but  this  could  easily  be  remedied 
by  closing  the  valves  7/,,  t'„  or  z\,  z\  communicating  with  the 
rest  of  the  system  and  running  one  boiler  at  a  higher  pressure 
for  a  time.  Other  methods  of  piping  are  sometimes  resorted 
to,  but  these  two,  as  illustrated  in  Figs.  1201  and  1202,  will 
be  found  to  generally  satisfy  the  conditions  of  simple  con- 
nections on  the  one  hand,  or  the  more  expensive  but  more 
reliable  construction  on  the  other. 
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BOILERS. 

3221.  The  boilers  in  most  general  use  are  those  carry- 
ing the  water  in  tubes,  and  called  water-tube  boilers,  the 
reason  for  the  preference  being  that  they  steam  rapidly,  and 
will  therefore  respond  quickly  to  extra  demands  made  upon 
them.  Many  stations  are,  nevertheless,  equipped  with  re- 
turn-tubular boilers,  which  give  entire  satisfaction.  For 
steady  work  this  type  is  preferred  by  many  station  man- 
agers, as  the  steam  pressure  in  a  water-tube  boiler  will  fall 
as  easily  as  it  rises,  if  the  boiler  is  not  properly  fired;  on 
the  score  of  safety,  water-tube  boilers  are,  however, 
probably  superior.  When  space  is  very  limited,  vertical 
boilers  are  sometimes  put  in. 

Mechanical  stokers  are  much  used  when  it  is  desired  to 
burn  fine  coal,  and  in  such  cases  generally  prove  economi- 
cal; also,  economizers  may  be  placed  in  the  chimney,  close 
to  the  boilers,  their  function  being  to  warm  the  feed-water 
by  means  of  the  waste  furnace  gases.  The  boiler-room 
should  be  designed  with  a  special  view  to  the  expeditious 
handling  of  coal  and  ashes  with  a  m,inimum  of  labor.  To 
accomplish  this,  it  is  well  to  deliver  the  coal  from  a  railroad- 
car  and  unload  directly  into  bunkers  beneath  the  track,  ex- 
tending through  into  the  boiler-room  immediately  opposite 
the  fire-doors.  These  cellars  should  have  storage  capacity 
for  at  least  fifteen  days,  unless  there  is  another  large  supply 
easily  accessible.  A  subway  may  be  built  beneath  the  ash- 
pits, and  these  may  be  fitted  with  doors  to  open  downwards, 
through  which  the  ashes  can  be  swept  into  a  small  car  run- 
ning on  a  track  beneath.  This  is  a  refinement  of  practice 
perhaps  justifiable  only  in  the  case  of  very  large  plants,  but 
may  be  used  when  it  is  necessary  to  clean  out  the  ash-pits 
rapidly,  if  the  owners  of  the  plant  are  willing  to  incur  the 
extra  expense. 

Provision  must  be  made  for  an  unlimited  supply  of  water. 
It  is  not  always  well  to  trust  entirely  to  city  mains,  although 
•  this  source  is  usually  reliable.  When  the  station  is  not 
located  near  running  water,  it  may  be  found  advisable  to 
sink  a  well,  from  which  water  may  be  pumped  into  a  tank, 
and  the  water  from  the  mains  used  Only  in  cases  of  emergency. 
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ENGINES    AND    DYNAMOS. 

3222.  The  type  of  engine  which  is  most  suitable  for 
a  power  station  depends  entirely  upon  the  size  of  the 
system  and  on  the  general  requirements  of  the  service. 
The  closest  speed  regulation  under  widely  varying  loads  is 
obtained  with  high-speed,  automatic  cut-off  engines,  and 
this  class  is,  therefore,  particularly  suitable  for  small  electric 
railways  and  lighting  plants.  A  little  consideration  will 
show  that  such  systems  may  furnish  extremes  of  load  at 
very  short  intervals;  for  if  there  were,  on  a  small  railroad, 
only  one  car  in  service,  the  station  load  would  be  zero  (or, 
simply,  the  friction  of  the  moving  machinery)  when  the  car 
was  at  rest,  and  a  maximum  when  it  was  starting  on  a 
heavy  grade.  Again,  in  a  small  lighting  plant,  a  large  pro- 
portion of  the  lam[)s  may  be  turned  on  or  off  at  once,  thus 
causing  great  fluctuations  in  the  central  station  load.  In 
general,  it  may  be  stated  that  the  larger  the  system  the 
nearer  will  the  load  approach  a  constant  normal  value.  In 
very  large  systems  the  load  will  be  a  maximum  at  certain 
hours  of  the  day  or  night,  and  will  gradually  fall  to  a  mini- 
mum at  other  hours.  F  -r  such  an  installation,  it  is  best  to 
use  low-speed  Corliss  engines,  and  run  them  with  condensers, 
if  water  for  this  purpose  is  readily  available. 

3223.  Power  is  usually  transmitted  from  engines  to 
dynamos  by  means  of  a  light  double  belting,  countershafts 
being  largely  employed,  as  already  explained;  but  a  very 
general  practice,  especially  in  large  stations,  is  to  install 
direct-connected  units,  the  dynamo  frame  being  bolted  to 
the  engine  base-plate.  By  this  arrangement,  the  loss  due 
to  belt  slipping  is  eliminated,  and  a  great  saving  is  made  in 
the  engine-room  area.  The  cjuestion  of  the  proper  propor- 
tion of  engine  to  dynamo  power  is,  in  this  case,  already 
determined,  but  for  belt-connected  plants  it  should  be  a 
matter  of  careful  consideration.  A  dynamo  may  be  run 
under  a  light  load  and  still  be  efficient,  whereas  an  engine, 
under  the  same  circumstances,  i<  .1.-.M.1.<l|y  inefficient ;  there- 
fore, the  latter  should,  as  a  ru!  ■  kid  up  to  nearly  its 
full  load — that  is,  the  engine  should  not  be  too  large,  while 
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the  dynamo  may  be  of  greater  capacity.  Such  proportioning 
will  give  a  good  working  economy,  the  normal  rating  of  the 
dynamo  being  from  15  to  20^  greater  than  that  of  the  engine. 


SIZB    AND   ARRANGEMENT  OF    UNITS. 

3224.  The  size  of  units  to  be  used  in  any  given  plant 
is  a  subject  which  has  aroused  much  discussion,  some  favor- 
ing a  number  of  small  machines,  others  a  few  large  ones. 
The  best  practice  is,  probably,  to  provide  two  small  genera- 
tors, adding  as  many  others,  of  three  times  their  capacity, 
as  are  necessary  to  obtain  the  required  total  horsepower. 
By  this  arrangement  the  running  machinery  can  always 
be  suited  to  the  load  and  worked  efficiently.  When  a  very 
large  plant  is  under  consideration,  the  small  units  may 
themselves  be  quite  large,  comparatively,  and  be  able  to 
deliver  200  horsepower  to  the  line.  The  largest  generators, 
of  say  1,500  kilowatts  or  2,000  horsepower,  are  frequently 
connected  directly  to  the  shaft  of  large  triple-expansion 
vertical  marine  engines,  which  afford  a  considerable  saving 
in  ground  space,  although  their  first  cost  is  somewhat  above 
that  of  the  horizontal  type.  It  is  not  well  to  have  too  many 
different  sizes  of  dynamos  in  one  station,  as  this  necessitates 
keeping  so  many  extra  armatures  and  other  fittings  in  stock; 
this  is  one  reason  advanced  by  those  who  favor  the  use  of  a 
number  of  small  units  in  preference  to  a  few  of  large  size, 
or  an  indiscriminate  collection;  but  economy  in  operation 
will  always  be  best  attained  with  the  arrangement  of  units 
already  recommended. 

Since  the  engines  are  called  upon  for  sudden,  and  often 
extreme  variations  in  output,  heavy  fly-wheels  are  of  the 
greatest  importance  as  speed  regulators,  and  in  the  case  of 
medium-speed  engines  of  200  or  300  horsepower  and  over, 
their  weight  is  generally  from  one-quarter  to  one-third  that 
of  the  engine  itself,  this  weight  being  placed  for  the  most 
part  in  the  rim. 

3225.  Foundations. — All  heavy  moving  machinery 
requires  solid  support,  which  is  best  obtained  by  securely 
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binding  it  by  means  of  bolts  to  a  mass  of  stone  or  brickwork 
sufficiently  heavy  to  prevent  excessive  vibration.  The 
foundations  for  engines  and  dynamos  should,  when  possible, 
be  entirely  independent  of  the  walls  of  the  building. 
This  is  especially  desirable  when  the  building  is  to  be  used 
for  office  purposes  as  well  as  for  a  power  plant.  In  cases 
where  a  heavy  concrete  floor  is  used,  it  is  well  to  cut  a 
narrow,  deep  trench  through  the  floor,  close  to  the  wall,  and 
bridge  this  over  with  a  wood  floor.  This  prevents  much,  if 
not  all,  of  the  vibration  of  the  machinery  from  being  com- 
municated to  the  walls,  and  removes  all  danger  of  cracking 
or  otherwise  injuring  them. 

For  a  dynamo  of  15  or  20  horsepower  a  thickness  of  brick- 
work of  3  feet  will  be  sufficient  for  a  foundation,  the 
measurement  being  taken  from  the  upper  surface  to  the 
foundation  plates  below.  A  few  inches  of  concrete,  com- 
posed of  broken  stone,  sand,  and  cement,  first  laid  down  will 
form  a  more  satisfactory  bed  upon  which  to  lay  the  brick 
than  the  ground  itself.  The  bolts  are  put  in  place,  heads 
down,  by  templet,  and  the  brick  built  loosely  around,  to 
allow  them  a  little  motion,  A  better  plan  is  to  slip  an  iron 
tube  over  each  bolt,  and  set  the  brick  up  close  to  the  tube. 
For  very  large  dynamos  the  depth  of  foundation  may  be 
as  much  as  6  feet,  but  rarely  more,  as  the  area  of  base  in- 
creases considerably  with  the  larger  machines. 


3226.  Fig.  1203  shows  a  foundation  such  as  might  be 
used  for  heavy  work. 
Instead  of  bolt- 
heads  under  the 
plates/  and/,  there 
are  keys  e,  c^  and 
handholes  ///,  ///,  for 
driving  them.  In 
case  of  necessity, 
the  bolts  X',  /',  can 
be  withdrawn  and 
replaced,  for  which 
M.  /;.    IV.    .1 
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purpose  manholes  would  have  to  be  built  to  afford  access. 
When  the  bolt-heads  are  against  the  plates,  any  extension  of 
the  brickwork  below  this  line  is  useless.  The  beams  n,  ;/, 
support  the  wooden  frame  /  upon  which  the  dynamo  rests. 
A  style  of  double  wooden  frame  which  is  used  for  small 
machines  is  shown  in  Fig.  1204.  The  upper  frame  slides 
upon  the  lower,  and  is  fitted  with  a  screw  s  attached  to  the 
brace  n  by  a  thrust  bearing,  and  working  in  a  nut  k  on  the 
lower  frame  B.  This  movement  is  required  to  effect  the 
tightening  of  the  belt  by  drawing  the  whole  machine  bodily 
away  from  the  engine  pulley.  In  order  that  the  woodwork 
may  insulate  the  machine  from  the  ground,   it  should  be 
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Fig.  1204. 

oiled,  or  the  pores  should  be  filled  with  paraflfin,  to  prevent 
the  absorption  of  moisture. 

3227.  Belting. — Light  double  belting  is  much  used 
for  running  dynamos,  and  should  be  provided  1  inch  nar- 
rower than  the  width  of  the  pulley.  No  lacing  should  be 
used,  but  the  ends  of  the  belt  should  be  pared  down  to  form 
two  long  wedges,  which,  when  cemented  together,  will  form 
a  uniform  joint  no  thicker  than  the  belt  itself.  The  speed 
of  the  dynamo  is  always  predetermined,  and  when  a  counter- 
shaft is  used,  the  driving  pulley  must  be  calculated  from  the 
size  of  the  dynamo  pulley  and   its  revolutions,  allowing  2^ 
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for  slip  of  the  belt.  The  length  of  belt  required  can  then  be 
ascertained,  but  it  must  be  found  for  that  position  when  the 
pulleys  are  as  near  together  as  the  belt  tightener  will  allow. 
The  pulley  centers  may  be  about  15  or  20  feet  apart,  as  a 
rule,  but  this  distance  should  be  greater  if  the  driving  pulley 
is  so  large  as  to  give  an  insufficient  arc  of  contact  on  the 
smaller  pulley.  The  two  pulleys  must  be  exactly  in  line, 
that  the  belt  may  run  true  and  evenly.  Some  irregularity 
in  the  leather  may  cause  a  slight  swerving  to  one  side,  which 
will  move  the  armature  a  little  lengthwise,  biit  this  will  tend 
to  give  a  more  even  wear  to  the  commutator,  and  prevent 
the  formation  of  grooves.  The  side  of  the  belt  which  does 
the  pulling  should  be  below,  as  it  has  the  least  sag.  The 
loose  side  will  then  be  uppermost,  and  will  sag  so  as  to  in- 
crease the  arc  of  contact  with  both  pulleys. 


SWITCHBOARDS. 

3228.  The  switchboard  is  a  necessary  part  of  every 
plant.  It  forms  the  controlling  factor  of  the  entire  system. 
To  it  every  dynamo  feeds  its  output  of  current,  which 
here  is  measured,  recorded,  subdivided,  and  distributed  ; 
and  from  it  every  circuit  is  either  supplied  with  or  deprived 
of  current.  It  should  therefore  be  so  constructed  that 
these  various  operations  can  be  performed  with  ease  and 
safety. 

3229.  The  mechanical  construction  of  the  typi- 
cal modern  switchboard  is  about  as  follows  :  A  num- 
ber of  angle-bars  of  wrought  iron,  of  a  length  agreeing  with 
the  total  height  of  the  board  required,  are  set  up  vertically 
upon  a  channel-bar  running  at  right  angles  to  the  upright 
bars.  At  their  upper  ends  the  angle-bars  are  again  joined 
together  by  an  angle-bar  of  perhaps  the  same  cross-section, 
but  running  parallel  to  the  lower  channel-bar.  The  entire 
structure  thus  forms  a  strong  and  rigid  rectangular  frame- 
work, into  which  marble  or  slate  slabs,  upon  which  the  vari- 
ous instruments  have  been  mounted,  are  fitted.  The  switch- 
board structure   is  then  supported  in  its  upright  position. 
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either  by  embedding  the  lower  channel  in  the  concrete  flooi 
of  the  power-house,  or  by  bracing  it  with  extended  iron 
arms  to  the  wall  or  some  convenient  girder,  or  by  both 
methods. 

The  wiring  of  the  switchboard,  which  is  often  very  com- 
plex, is  usually  placed  upon  suitable  brackets  fastened  to  the 
rear  of  the  board,  and  demands  most  careful  design.  It 
must  be  so  laid  out  that  all  dangers  of  grounds,  short  cir- 
cuits, mutual  interference  of  circuits,  etc.,  are  eliminated. 
A  clear  space  of  about  two  feet  between  wall  and  rear  of 
board  should  be  left  free  for  inspection  of  the  wiring. 

3230.  The  switchboards  must  be  placed  near  the  dy- 
namos, but  not  in  line  with  the  belts,  lest  one  of  these  in 
breaking  should  damage  the  switches  or  instruments.  Dis- 
tinguishing letters  or  numbers  should  be  given  to  each 
machine  and  plainly  marked  thereon,  and  the  correspond- 
ing leads  and  switches  on  the  board  lettered  or  numbered 
accordingly.  In  the  event  of  any  of  the  generators  giving 
trouble,  they  can  then  be  cut  out  of  circuit  immediately^ 
By  this  means  any  desired  combination  can  be  employed, 
all  machines  running  at  the  point  of  greatest  efhciency.  If 
three  small  units  are  put  in,  equal  to  one  large  one,  then  one 
or  two  uan  be  used  on  light  loads.  When  the  demand  be- 
comes higher  and  the  load  increases,  a  large  unit  can  be 
substitui:ed,  as  it  will  be  more  economical  than  using  three 
small  machines.  In  this  case  one  small  unit  is  held  as  a  re- 
serve in  the  event  of  a  breakdown,  but  it  could  be  dispensed 
with  if  it  were  so  desired.  The  size  of  the  larger  units  is 
dependent  on  the  output  of  the  station. 


SWITCHBOARD   APPARATUS. 

3231.  Switches. — Switches  are  usually  of  \\ift  jack- 
knife  type,  illustrated  in  Fig.  1205.  In  this  form  of  switch 
the  circuit  is  made  or  broken  by  means  of  a  copper  contact 
blade  k,  which  fits  between  the  flexible  copper  tongues  of 
two  contacts,  as  c  and  d  or  a  and  /;.  These  are  shown  in 
perspective  at  r.     Each  contact  blade  is  fitted  to  a  lever 
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/,  /,,  pivoted  at  one  end  at  /,  /„  and  j)r(jvided  at  the  other 
end  with  a  handle  //,  by  which  it  may  be  operated.  These 
switches  are  provided  with  one,  two,  or  three  blades  and  sets 
of  contacts,  each  insulated  from  the  others,  and  are  accord- 
ingly called  single,  double,  or  triple  pole.  These  names  are 
usually  abbreviated  to  S.  P.,  D.  P.,  and  T.  P.  Sometimes 
the  levers  are  provided  with  two  contact  blades,  one  on  each 
side,  and  a  second  set  of  contact  points  is  placed  on  the  other 
side  of  the  pivot,  so  that  by  throwing  the  switch  completely 
over — that  is,  by  moving  the  handle  through  180° — the  con- 
tact points  of  this  second  set  are  connected  together.     Such 
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Fig.  1205. 

a  switch  is  called  a  double-throw  switch ;  the  switch  illustrated 
in  Fig.  1205  is  a  double-pole,  single-throw  switch. 

The  contact  points  are  provided  with  terminals  of  varying 
forms,  to  which  the  ends  of  the  wires  are  connected.  For 
use  on  wooden  switchboards,  and  for  separate  use,  jack-knife 
switches  are  provided  with  a  slate  or  marble  base  (w.  Fig. 
1205),  on  which  all  the  parts  are  mounted.  On  slate  or 
marble  switchboards  the  various  parts  of  the  switch  are 
mounted  directly  on  the  face  of  the  board,  connection  with 
the  contact  pieces  being  irsually  made  from  the  back  of  the 
board,  so  that  no  wires  show  in  front.  These  switches 
should  always  be  mounted  on  the  board  with  the  handle  up, 
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so  that  when  opened  they  will  have  no  tendency  to  close  by 
their  own  Aveight. 

3232.  Bus-Bars. — When  several  dynamos  are  to  be 
run  in  parallel  to  supply  a  common  set  of  circuits,  it  is  cus- 
tomary to  run  a  set  of  heavy  wires  or  bars  across  the  board, 
to  which  the  dynamo  terminals  and  the  circuits  may  be 
attached  at  convenient  points.  These  are  called  bus-bars. 
Bus-bars  are  usually  made  of  bare  copper  rods  to  facilitate 
making  connection  at  any  desired  point,  and  are  mounted 
either  on  the  front  or  on  the  back  of  the  board.  When  on 
the  front  they  are  polished  and  add  much  to  the  appearance 
of  the  board.  They  are  usually  supported  two  or  three 
inches  from  the  face  of  the  board  by  brass  castings,  whether 
on  the  front  or  back,  and  are  made  of  large  cross-section,  so 
that  the  difference  of  potential  between  them  is  practically 
uniform  at  all  points,  even  when  large  currents  are  flowing 
through  them. 

3233.  Instruments. — It  is  very  desirable  to  know 
the  output  of  each  dynamo;  consequently,  an  ammeter 
should  be  connected  in  circuit  with  each  machine.  The 
best  forms  of  switchboard  ammeters  do  not  require  that  the 
whole  current  should  enter  the  instrument,  but  instead  only 
a  small  part,  so  that  the  ammeter  may  be  located  at  any 
convenient  point  on  the  board  and  the  current  carried  to  it 
by  means  of  small  wires.  This  is  accomplished  by  making 
the  ammeter  of  such  resistance  that  when  connected  in 
parallel  with  a  short  length  of  the  main  conductor,  or  with  a 
specially  prepared  low  resistance  inserted  in  the  main  cir- 
cuit, enough  current  will  flow  through  the  instrument  to 
cause  it  to  indicate,  on  a  properly  divided  scale,  the  amount 
of  the  current  flowing  in  the  circuit  to  which  it  is  connected. 
This  often  saves  a  great  deal  of  wiring  on  a  switchboard. 

A  reliable  and  sensitive  voltmeter  should  be  used  to  indi- 
cate the  voltage  of  the  various  circuits.  More  than  one 
voltmeter  for  the  various  circuits  and  dynamos  is  not 
necessary,  for  by  the  use  of  a  small  plug  switchboard,  which 
need  be  only  a  few  inches  square,  or  by  the  use  of  a  specially 
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uu vised  switch,  known  as  a  voltmeter  s^vitch,  a  single 
instrument  may  be  connected  at  pleasure  with  the  terminals 
of  any  dynamo  or  any  circuit,  or  may  be  used  to  indicate 
the  presence  of  a  ground  in  the  dynamos  or  circuits,  in  the 
manner  to  be  described  later. 

Switchboard  instruments  are,  as  a  rule,  made  with  large 
open  scales,  so  that  they  may  be  reiad  at  a  distance.  Volt- 
meters are  often  provided  with  a  pointer,  which  may  be 
moved  by  hand  to  the  point  where  it  is  desired  to  keep  the 
voltage  constant;  then,  when  the  voltage  is  at  the  proper 
point,  the  voltmeter  needle  coincides  in  position  with  this 
pointer,  which  may  be  seen  at  a  greater  distance  than  the 
scale  can  be  read. 

Incandescent  lamps  are  often  so  arranged  on  the  switch- 
board as  to  illuminate  the  scales  of  the  instruments;  if  this 
is  the  case,  the  lamps  should  be  shaded  to  prevent  the  light 
from  shining  in  any  other  direction  than  directly  on  the  face 
of  the  instrument,  as  otherwise  they  are  practically  useless. 

323-1.  Checking  Instruments. — The  switchboard 
measuring  instruments  should  be  frequently  examined  to 
see  whether  any  change  has  occurred  in  the  accuracy  of 
their  readings.  As  reliable  instruments  as  any  for  this 
purpose  are  the  Weston  portable  standard  voltmeters  and 
ammeters.  To  check  a  voltmeter,  the  standard  voltmeter 
should  be  connected  across  its  terminals,  the  two  being  thus 
in  parallel,  and  the  difference  in  reading,  if  any,  noted.  If 
they  were  connected  in  series,  unless  their  resistances  were 
exactly  equal,  their  indications  would  be  different,  although 
each  instrument  might  be  correct.  In  this  case,  a  constant 
current  would  flow  through  each,  and  as  the  drop  in  poten- 
tial at  any  two  points  is  directly  proportional  to  the  resist- 
ance between  those  two  points,  the  readings  of  the  two 
instruments  would,  not  agree  unless  their  resistances  hap- 
pened to  be  the  same. 

When  joined  up  in  parallel,  the  E.  M.  F.  will  be  the  same 
between  the  ends  of  the  two  resistances,  the  only  difference 
being  in  the  amount  of  current  taken  by  each  branch,  for  it 
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is  obvious  that  a  voltmeter  will  indicate  the  drop  of  poten- 
tial through  another  voltmeter  just  the  same  as  through 
any  other  resistance. 

The  station  ammeters  may  be  checked  by  putting  the 
standard  ammeter  in  series  with  them,  one  after  another. 
Great  care  must  be  exercised  in  handling  these  standard 
instruments;  they  should  be  moved  without  unnecessary 
violence,  and  should  not  be  subjected  to  jars  or  placed  in  a 
strong  magnetic  field. 

3235.  Safety  Devices. — To  prevent  the  possible 
damage  to  dynamos  and  circuits,  due  to  an  excessive  flow 
of  current  from  any  cause,  fuses  are  placed  in  each  line  cir- 
cuit, also  in  each  dynamo  circuit.  Those  for  the  line  circuits 
are  usually  placed  at  the  top  of  the  switchboard,  and  form 
convenient  points  to  which  to  attach  the  circuits.  The 
dynamo  fuses  are  sometimes  placed  at  the  bottom  of  the 
boa.rd,  but  more  often  on  the  connection  board  of  the 
dynamo.  The  fuses  should  be  of  sufficient  size  to  carry  all 
the  current  that  the  various  parts  of  the  circuit  in  which 
they  are  connected  will  safely  transmit. 

The  larger  sizes  of  fuses  are  usually  made  in  the  form  of 
strips,  of  rectangular  section,  mounted  on  copper  terminals 
of  suitable  shape  and  size  to  clamp  under  the  binding-screws 
of  the  fuse  block. 

The  fuse  blocks  should  be  located  on  the  back  of  the 
board,  if  possible,  for  if  on  the  front  the  board  will  be  dis- 
figured when  the  fuses  "  blow,"  unless  they  are  completely 
enclosed. 

3236.  Ground  Detector. — It  is  very  important  when 
a  ground  occurs  on  a  circuit  that  it  should  be  immediately 
detected.  A  device  that  will  instantly  indicate  a  ground  and 
can  always  be  left  in  connection  with  the  circuit  is  shown  in 
Fig.  1206,  where  /and  /,  are  two  lamps  connected  in  series 
across  the  two  conductors  of  a  dynamo.  The  wire  joining 
these  lamps  is  connected,  through  a  cut-out  and  the  switch  s, 
to  the  ground  at  g.  As  the  lamps  receive  only  one-half 
their  proper  E.  M.  P.,  they  will  glow  dimly  with  equal  in- 
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tensity  until  a  ground  occurs.  Then  a  shunt  of  low  resist- 
ance is  formed  across  the  lamp  that  is  connected  to  the 
dynamo  conductor  on  which  the  ground  is  situated,  and  the 
result  will  be  that  the  other  lamp  will  glow  with  increased 
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intensity.  Thus,  in  the  figure,  if  ^^  represents  a  ground,  a 
shunt  a  b  g^  g,  taking  part  of  the  current,  will  be  formed 
around  the  lamp  /.  Therefore,  the  lamp  /,  will  receive  a 
greater  supply  of  current. 

If  there  are  grounds  of  approximately  equal  resistances  on 
both  sides  of  the  circuit,  both  lamps  will  still  glow  with 
equal  intensity.  However,  if  one  lamp,  which  should  be 
provided  with  a  key,  be  now  switched  out,  the  ground  is 
present  if  the  other  lamp  continues  to  glow. 

The  two  coils  of  a  differential  galvanometer  may  be  sub- 
stituted for  the  lamps,  so  that,  when  no  ground  is  present, 
the  pointer  remains  on  zero,  but  is  immediately  deflected 
when  this  condition  no  longer  exists. 


LIGHTNIXG-AHRESTERS. 

3237.  Some  form  of  lightning-arrester  should  be  con- 
nected in  a  circuit  wherever  there  is  danger  that  instru- 
ments, lamps,  dynamos,  or  motors  will  be  burned  out  by 
atmospheric  electricity.     Telephone  and  telegraph  wires  are 
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usually  so  protected  where  they  enter  buildings  or  stations. 
Dynamos  having  overhead  external  circuits  usually  have  a 
lightning-arrester  connected  near  where  the  external  con- 
ductors leave  the  brushes.  This  arrangement  is  shown  in 
Fig.  1207,  where  a  is  the  lightning-arrester  and  g,  g  the 
ground  wires.  The  best  plates  for  this  arrester  are  made  of 
carbon,  which  does  not  fuse  from  the  sparking.  Sometimes 
there  is  a  continual  exchange  of  sparks  between  the  plates, 
and  metals,  such  as  brass,  are  apt  to  fuse  and  form  a  con- 
nection with  one  another,  thus  short-circuiting  the  dynamo 
through  the  ground.  However,  in  any  case  safety  strips 
should  be  placed  between  the  arrester  and  the  dynamo,  so 


Fig.  1207. 

that  when  a  short  circuit  is  produced  the  strip  melts  and 
breaks  the  circuit.  Also  an  electromagnet  may  be  used 
either  to  break  the  circuit  by  attracting  an  armature  when 
sufficient  current  is  caused  by  a  short  circuit,  or  to  attract 
and  blow  out  any  arc  that  may  be  formed  between  the  plates. 

3238.  A  convenient  form  of  arrester  for  dynamos 
consists  of  a  plate  of  lignum-vitse  upon  which  is  a  pencil 
mark  or  narrow  charred  strip.  There  should  be  two  such 
strips,  one  connecting  the  minus  conductor  to  the  ground 
and  the  other  connecting  the  plus  conductor  to  the  ground. 
Atmospheric  electricity  will  then  pass  across  these  strips  in- 
stead of  entering  the  dynamo,  and  as  the  resistance  of  the  strip 


ELECTRIC  TRANSMISSION. 


2123 


is  about  50,0(J()ohms,  which  is  higher  than  the  insulation  re- 
sistance of  clectric-Hght  circuits,  there  is  no  chance  of  leakage. 

3239.  Long  aerial  lines  not  protected  by  tall  trees  or 
buildings  are  apt  to  be  struck  by  lightning.  Therefore,  they 
should  be  protected  at  convenient  places  along  their  length 
by  lightning-arresters.  Special  forms  which  may  be  screwed 
directly  to  the  poles  are  constructed  for  this  purpose. 

324().  To  secure  good  protection,  a  perfect  ground 
connection  is  of  the  greatest  importance.  The  wire  leading 
to  the  earth  should  never  be  less  than  No.  4  B.  &  S.  gauge, 
and  it  should  be  soldered  to  a  galvanized  iron  or  copper 
plate  ^  inch  thick,  with  a  surface  of  at  least  10  square  feet  on 
each  side.  This  plate  should  be  sunk  to  such  a  depth  that 
even  in  the  dryest  weather  it  shall  be  in  moist  ground.  A 
well  or  stream  of  water  is  a  convenient  place  in  which  to  lay 
an  earth  plate  ;  and  it  is  good  practice  also  to  connect  the 
earth  wire  to  any  gas  or  water  pipe  that  may  be  near. 
All  underground  connections  must  be  soldered  and  painted 
with  asphaltum  to  prevent  corrosion. 

3241.  When  plate  arresters  are  used,  the  jaws  are  ad- 
justed to  a  certain  distance  apart  by  a  piece  of  cardboard. 
This  cardboard  should  be  run  every  day  between  the  jaws 
to  ensure  that  the  proper  separation  remains  unaltered,  and 
the  plates  should  be  kept  per- 
fectly clean.  All  arresters 
should  be  set  upon  an  insula- 
ting incombustible  base. 


3242.  Fig.  1208  shows  a 
form  of  lightning-arrester  for 
use  upon  dynamos.  It  depends 
for  its  action  upon  the  fact 
that  an  electric  arc  is  repelled 
from  between  the  poles  of  a 
magnet,  and  its  construction  is 
as  follows: 

/«  is  a  double  electromagnet. 
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between  the  poles  of  which  are  supported  the  two  curved  me- 
tallic piecesy  andy^.  These  pieces  are  carefully  insulated 
from  the  magnet  poles,  and  are  separated  a  short  distance 
from  each  other.  The  line  current  flows  from  the  machine 
to  a^  through  the  electromagnet  to  y'^,  and  along  the  line 
at  b.     The  piece  j  is  connected  to  the  earth. 

The  atmospheric  electricity,  proceeding  along  the  line, 
forms  an  arc  between  j  and  y,  and  the  magnets  repel  this 
arc  up  along  the  curves,  and  finally  blow  it  out  altogether. 


INSTALLING  ELECTRIC  MACHINERY. 
3243.  When  a  dynamo  or  motor  is  to  be  set  in  place, 
the  foundation  with  sub-base  must  first  be  put  in.  The 
frame  of  the  machine  is  often  in  two  pieces,  for  convenience 
in  shipment  and  to  facilitate  removal  of  the  armature.  All 
machined  surfaces  are  painted  over  with  white  lead  or  cov- 
ered with  grease  to  protect  them  from  the  weather,  and  this 
should  be  cleaned  off  with  turpentine  in  the  one  case,  and 
with  benzine  or  kerosene  in  the  other.  All  surfaces  which 
abut  against  others,  and  especially  those  between  which 
friction  occurs,  as  in  bearings,  must  be  carefully  inspected 
and  wiped  clean  before  bringing  together,  that  they  may  be 
entirely  free  from  dust  or  grit. 


Fig.  1209. 


It  is  especially  important  that  the  unpacking  and  handling 
of  the  various  parts  of  the  machine  be  done  with  great  care, 
as  an  apparently  slight  injury  to  the  armature  or  field  coils 
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may  prove  very  serious,  and  lead  to  a  breakdown  sub- 
sequently. The  armature  should  be  lifted  by  the  shaft, 
using  a  rope  sling,  as  in  Fig.  1209,  at  5,  held  away  from  the 
armature  by  a  notched  board  B,  unless  the  armature  is  small 
enough  for  two  men  to  easily  move  it.  The  sling  should 
never  be  put  under  the  commutator,  as  this  is  liable  to  force 
it  out  of  place  and  prevent  its  running  true. 

3244.  In  cases  where  a  traveling  or  swinging  crane  is 
not  available  for  putting  the  armature  into  position,  two 
tackles  may  be  used  with  advantage.  One  of  these  should 
be  secured  centrally  above  the  frame  of  the  machine,  and 
the  other  close  by  but  considerably  to  one  side,  so  as  to  hang 
clear  of  the  frame.  The  armature,  in  the  sling,  is  first 
raised  by  this  latter  tackle,  until  above  the  level  of  the 
frame,  when  the  other  one  is  hooked  on,  and  the  weight 
transferred  to  it,  so  that  the  armature  will  hang  directly 
over  the  machine,  from  which  position  it  may  be  readily 
lowered  into  place.  The  armature,  especially  if  it  be  a 
heavy  one,  should  never  be  rested  on  the  floor  when  re- 
moved from  the  machine.  Supports  should  be  provided  for 
each  end  of  the  shaft,  so  that  the  armature  may  swing  clear 
between  them. 

3245.  The  electrical  connections  must  be  made  by 
some  one  who  is  thoroughly  familiar  with  the  machine,  un- 
less, as  is  generally  the  case,  a  diagram  is  provided;  even 
then  it  is  well  to  have  them  checked  by  another  person. 
When  the  bearings  are  self-oiling,  the  oil-wells  must  be 
cleaned  out  to  remove  any  dust,  and  filled  with  good  quality 
light  oil,  and  the  rings  should  be  looked  to,  to  make  sure 
they  are  free  to  turn.  When  carbon  brushes  are  used,  they 
may  be  put  into  the  holders  at  once  and  left  resting  on  the 
commutator;  but  copper  brushes,  being  set  tangentially, 
should  be  raised  from  contact  with  the  commutator  when 
the  machine  is  at  rest,  to  prevent  their  catching  on  the 
commutator  bars  by  a  backward  movement  of  the  armature. 

324H.  When  all  is  ready  for  a  preliminary  run,  the 
armature   should   be  turned  over  slowly  by  hand,  to  make 
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sure  the  shaft  does  not  bind  nor  any  revolving  part  strike 
the  fields  or  pedestals.  No  loose  wires  must  be  allowed  to 
hang  from  the  terminals,  where  they  might  be  drawn  into 
the  armature,  and  all  tools  used  in  setting  up  must  be  re- 
moved from  the  machine.  Screws  and  nuts  on  the  connec- 
tions should  be  examined  to  see  that  they  are  tight  and 
that  the  wires  they  hold  enter  sufficiently  far  to  be  firmly 
bound.  The  armature  must  be  inspected  carefully,  and  any 
pieces  of  sawdust  or  other  foreign  matter  picked  out.  It  is 
well,  also,  to  look  over  the  commutator,  to  ascertain  that 
the  insulation  between  bars  is  not  injured  at  any  point,  or 
bridged  over  by  a  chip  of  copper. 

324T.  The  distance  between  the  armature  core  and 
the  fields  must  be  even  all  around,  as  measured  at  the  center 
of  each  pole-piece,  or  else  the  different  circuits  in  the  Avind- 
ing  will  work  against  each  other  to  some  extent.  Occasion- 
ally the  armature  is  purposely  set  a  little  above  the  center 
line  of  the  machine,  to  allow  for  wear  in  the  bearings,  but 
this  amount  must  be  very  small.  Any  considerable  want  of 
symmetry  should  be  corrected. 

These  points  having  been  attended  to,  the  dynamo  may 
be  run,  starting  very  slowly  and  observing  whether  the  belt 
keeps  in  the  center  of  the  pulleys,  then  gradually  increasing 
up  to  full  speed,  but  without  any  field  excitation.  This  will 
determine  any  faults  in  the  mechanical  construction,  and 
close  watch  should  be  kept  so  that,  in  the  event  of  trouble 
manifesting  itself,  the  engine  or  other  source  of  power  may 
be  stopped  or  disconnected  at  a  moment's  notice. 


INSTALLING   ARC-LIGHTING   DYNAMOS. 

3248.  Series-wound  generators  are  used  for  arc-light 
circuits,  either  singly  or  connected  in  series,  the  positive 
pole  of  one  machine  being  joined  to  the  negative  of  the 
other,  as,  for  instance,  when  two  40-light  dynamos  are  put 
on  a  circuit  of  80  lamps.  Some  trouble  is  experienced  by  the 
instability  of  the  regulators,  which,  working  independently 
and  not  rapidly  enough,  cause  alternately  an  excess  and  a 
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drop  in  current.  This  can  be  prevenled  by  using  only  one 
regulator  to  keep  the  current  normal,  and  locking  the  other, 
but  the  variation  must  not  exceed  the  limit  of  one  machine. 
The  dynamos  must  be  protected  by  lightning-arresters 
placed  just  outside  the  building,  one  on  each  wire,  connec- 
tion being  then  made  to  the  switchboard. 


3249.  Series  Dynamos  in  Parallel. — Series  dyna- 
mos are  seldom  connected  in  parallel,  although  this  can  be 
done  when  special  precautions  are 
taken  to  guard  against  reversal  of 
field  magnetism  and  rotation,  which 
would  otherwise  occur.  This  combi- 
nation is  in  unstable  equilibrium,  be- 
cause if  one  machine  loses  speed  and 
generates  too  little  current,  that  im- 
mediately weakens  its  field  and  still 
further  cuts  down  the  current,  prob- 
ably also  reversing  it.  One  way  of 
overcoming  this  objection  is  to  con- 
nect the  two  positive  brushes  to- 
gether, as  well  as  the  two  negative. 
This  extra  wire  a  b.  Fig.  1210,  is 
called  an  equalizer,  and  serves  to 
maintain  the  fields  of  the  two  ma- 
chines at  normal  strength.  Another 
way  of  accomplishing  this  is  to  con- 


-% 


Fig.  1210. 

nect  the  field  of  each  machine  in  series  with  the  armature 
of  the  other,  causing  each  to  excite  the  other's  field. 


IXSTAULIXG  DYNAMOS  FOR  IXCAXDESCEXT  LIGHTING. 

3250.  Direct-Current  Generators. — For  incandes- 
cent-lighting circuits,  when  the  station  is  near  the  center  of 
distribution,  direct-current  constant-potential  dynamos  are 
used.  These  lend  themselves  readily  to  connection  in  par- 
allel,  the    arrangement    being   shown    in    Fig.   1211.      The 
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positive  brush  of  each  is  connected  to  the  main  in  //,  and  the 
negative  to  x  y.  There  is  no  need  of  an  equalizer,  as  each 
machine  is  entirely  independent. 
Should  the  voltage  of  one  fall  below 
that  of  the  circuit,  it  will  be  run  as  a 
motor,  but  the  direction  of  rotation 
will  be  the  same,  and  no  harm  will  re- 
sult. There  are  two  points  of  great 
importance  to  be  regarded  before  a 
shunt  dynamo  is  switched  into  a  cir- 
cuit already  alive.  The  first  is  to  be 
sure  that  the  positive  lead  from  the 
dynamo  is  to  be  connected,  by  the 
switch,  to  the  line,  or  external  circuit, 
on  the  positive  side,  and  the  negative 
lead  to  the  negative  side;  the  second 
is  that  the  dynamo  be  caused  to  gen- 
erate the  full  voltage,  or  (not  more 
than)  1  or  2  per  cent,  over  that  of 
the  circuit.  The  latter  may  be  ^^'^st'^^d 
Fig.  1211.  by  means  of  a  voltmeter,  or  a  gal- 

vanometer and  incandescent  lamp  (for  a  110-volt  circuit) 
can  be  put  in  series  with  the  armature,  and  connections 
made  to  the  mains.  When  the  galvanometer  shows  that  no 
current  is  passing,  the  E.  M.  F.  of  the  dynamo  is  equal  to 
that  of  the  line.  The  simplest  manner  of  ascertaining  the 
time  for  switching  in  is  the  use  of  a  pilot  lamp  on  the  dynamo, 
which  should  be  run  a  little  brighter  than  a  similar  lamp  on 
the  mains;  but  this  is  not  as  reliable  as  the  use  of  an  accu- 
rate voltmeter.  Inattention  to  these  points  may  cause  a 
serious  short  circuit,  and  burn  out  an  armature. 


V 


INSTALLING     GENERATORS    FOR     CONSTANT-POTENTIAL, 
MOTOR   CIRCUITS. 

3251.  Since,  in  a  circuit  supplying  power  to  motors, 
the  output  is  continually  varying,  shunt-wound  generators 
would  not  be  entirely  satisfactory,  owing  to  the  constant 
hand  regulation  which  would  be  required.  A  regulation, 
therefore,  which  will  follow  up  the  demands  must  be  substi- 
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tuted,  and  compound-wound  dynamos  are  almost  exclusively 
employed.  These  present  a  mean  between  the  two  types 
illustrated  in  Figs.  1210  and  1211.  In  the  first  of  these  the 
whole  current  generated  by  one  machine  is  passed  through 
its  field  coils,  of  which  the  windings  are  large  in  cross-section 
and  the  turns  comparatively  few.  In  the  second,  the  field 
winding  is  composed  of  many  turns  of  finer  wire,  and  is  con- 
nected directly  across  the  mains,  so  that  the  magnetization 
is  constant.  A  combination  of  these  two  methods,  by  put- 
ting both  a  shunt  and  a  series  field  winding  on  one  machine, 
will  result  in  increasing  the  electromotive  force  when  the 
load  becomes  heavier,  so  that  atf  the  distant  points  of  the 
system  the  full  potential  can  always  be  supplied. 


3252.  Compound- wound  dynamos  run  in  parallel  very 
well,  the  connections  being  as  shown  in  Fig.  1212,  where  s, 
s^  represent  the  shunt  coils,  r,  o  m 

r,  the  series  winding,  and  ;//  n, 
o  p  the  mains.  The  shunt 
fields  are  regulated  by  means 
of  the  rheostats  r,  r.  in  series 
with  each,  and  sometimes  a 
shunt  is  put  across  the  series  ^ 
coil,  as  at  /,  to  permanently 
carry  a  portion  of  the  main 
current.  As  in  the  case  of 
series  machines,  the  brushes 
of  like  sign  on  the  two  dyna- 
mos are  connected  together, 
the  extra  wire  being  the 
equalizer  a  b,  provided  with  a 
switch  at  k\.  If  the  dynamo 
D  were  to  lag  behind  Z>,,  its 
E.  M.  F.  would  be  lower,  and 
a  current  from  Z?,,  due  to  this 
difference,  would  flow  along 
the  equalizer  a  b,  dividing  at 
a,  part  going  through  the 
field  coil  c  and  part  through 
M.  E.    IV.— 3 


Fig.  121«. 
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the  armature.  The  shunt  field  would  still  be  traversed  by  a 
current  in  the  same  direction;  therefore  the  rotation  of  D 
is  also  unchanged  in  direction,  although  it  may  be  run  as  a 
motor.  This  will  enable  the  speed  to  rise,  and,  consequently, 
the  E.  M.  F.,  until  it  is  again  normal. 

3253.  Starting. — When  it  is  desired  to  connect  two 
compound-wound  dynamos  in  parallel,  one  being  already 
running,  special  precautions  must  be  taken,  as  in  the  case  of 
shunt-wound  machines,  to  guard  against  a  short  circuit.  If 
we  wish  to  connect  the  dynamo  D  to  D^^  the  latter  running 
with  load  on,  we  proceed  as  follows :  D  must  first  be  brought 
up  to  full  speed,  and  the  field  regulator  r  turned  on  partially ; 
then  the  equalizer  switch  k^  is  closed,  so  that  the  field-mag- 
nets are  excited  partly  by  the  shunt  and  partly  by  the  series 
windings,  for  some  current  from  D^  is  shunted  through  the 
coil  c.  The  E.  M.  F.  at  the  terminals  of  D  is  now  measured, 
and,  if  necessary,  more  resistance  is  cut  out  at  the  rheostat 
r,  until  the  potential  difference  is  about  1  per  cent,  higher 
than  that  of  the  external  circuit.  Last  of  all,  the  main 
switch  k  is  closed,  and  as  at  first  the  machine  will  be  gener- 
ating but  little  current,  the  field  regulator  can  be  turned 
until  the  full  share  of  the  load  is  taken. 

The  above  method  of  manipulating  the  switches  should 
always  be  observed  when  they  are  separate.  It  is  usual, 
however,  to  make  the  connections  to  the  plus  and  minus 
leads  and  to  the  equalizer  all  at  once  with  a  triple  contact 
switch  but  care  must  be  taken  that  the  dynamo  has  reached 
full  speed,  and  that  the  field-magnets  are  excited.  If  the 
voltage  is  a  trifle  different  from  that  of  the  mains,  it  can  be 
immediately  adjusted  by  means  of  the  field  rheostat.  When 
it  is  desired  to  cut  a  machine  out  of  circuit,  the  switches, 
if  separate,  must  be  opened  in  reverse  order  to  that  of  clo- 
sing; that  is,  the  main  switch  should  first  be  opened,  then 
the  equalizer  switch,  but  the  shunt  field  must  never  be  re- 
duced first. 

3254.  Mutual  Adjustment. —  Two  compound-wound 
dynarnos  running  in  parallel  exercise  a  mutual  action  upon 
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each  other,  tending  to  preserve  a  balance  in  their  output; 
for  if  the  E.  M.  F.  of  one  fails  somewhat,  the  proportion  of 
load  taken  is  reduced,  so  that  the  engine  tends  to  increase 
in  speed  and  again  raise  the  E.  M.  F.  This  adjustment  will 
take  place  when  the  dynamos  are  driven  by  separate  en- 
gines, or  when  the  slipping  of  the  two  belts  is  different,  but 
it  must  not  be  depended  upon  to  too  great  an  extent.  Ma- 
chines differing  in  size  or  current  capacity  can  be  coupled  in 
this  manner,  but  their  voltage  must,  of  course,  be  equal; 
and  another  requirement  is  that  the  resistance  of  the  series 
winding  of  each  must  be  inversely  proportional  to  the  cur- 
rent capacity,  so  that  if  one  machine  produces  double  the 
current  of  another,  the  resistance  of  its  series  coil  must  be 
one-half  that  of  the  other.  The  drop  in  potential  will  then 
be  the  same  in  each  case  when  the  load  is  properly  propor- 
tioned between  the  two  dynamos,  and  the  equalizer  will 
carry  no  current.  If  the  larger  machine  were  to  slow  down 
somewhat,  and  deliver  less  than  its  share  of  the  total  output, 
sufficient  current  would  flow  along  the  equalizer  from  the 
smaller  machine  to  maintain  the  correct  proportion  in  the 
series  coils,  thereby  strengthening  the  field  of  the  larger 
machine  and  increasing  the  current  to  normal.  The  equal- 
izer should  have  about  half  the  cross-section  of  the  dynamo 
cables. 

When  the  dynamos  are  overcompounded,  that  is,  designed 
to  give  a  higher  E.  M.  F.  at  full  load  than  with  light  load, 
the  equalizing  connection  can  be  made  permanent.  This  is 
especially  desirable  in  central  station  work,  as  when  only 
one  machine  is  running  and  its  output  is  divided  over  several 
circuits,  it  is  not  necessary  to  have  the  high  E.  M.  F.  due  to 
the  overcompounding.  The  series  current  is  therefore 
allowed  to  traverse  the  series  windings  of  another  or  several 
machines,  and  the  highest  E.  M.  F.  is  reserved  for  the  time 
when  most  needed,  that  is,  at  full  station  load. 

3255.  Station  Connections. — The  switchboard  ar- 
rangements for  two  compound-wound  dynamos  and  six 
feeder  circuits  are  shown  in  Fig.  lt>13.     From  each  dynamo, 


2132 


ELECTRIC   TRANSMISSION. 


c  hziii:Htir:y:HK:^r::^^^[:::^Hh::;ar: 


SJ-J-B 


lb 


Fig.  I8ia 


ELECTRIC  TRANSMISSION.  2133 

(a)  and  (/?),  run  three  heavy  leads  B,  — ,  and  +  to  the 
triple  pole  main  switches  J/,  S^  and  J/,  .S",,  the  +  lead  in  each 
case  being  connected  to  the  right-hand  blade,  the  —  lead  to 
the  left-hand  blade,  and  lead  E  to  the  central  blade.  The 
lead  E  is  connected  at  the  junction  of  the  armature  and 
series  field  coil,  as  shown  in  Fig.  1212,  and  these  two  leads 
E,  with  the  cross  connector  E.  B.,  constitute  the  equalizer  a  If 
of  that  figure,  the  central  blades  of  the  switches  correspond- 
ing to  switch  /^,.  On  the  back  of  the  board  are  secured  the 
bus-bars  -\-B  and  —B,  connected  through  the  switches  J/,  S^ 
and  J/,  5j  to  the  dynamo  leads  of  corresponding  sign,  and, 
also,  above  these,  to  sets  of  feeder  switches  C^,  C^,  etc.,  from 
which  the  different  external  circuits  are  run,  safety-fuses  / 
being  inserted  in  all  the  outgoing  wires,  in  addition  to  the 
main  fuses  y„y,  on  the  terminal  boards  of  the  dynamos. 

On  the  upper  part  of  the  switchboard  are  placed  the  volt- 
meter and  the  two  ammeters  A^,  A^.  The  voltmeter  is 
connected  by  two  flexible  insulated  wires  to  plugs  which  can 
be  inserted  in  any  of  the  holes  /,  />^,  p^,  /,.  These  are  con- 
nected by  leads  (not  shown)  on  the  back  of  the  board,  as 
follows:  /,  /  to  the  lower  outside  terminals  of  switch  J/j  S„ 
so  that  when  the  voltmeter  is  connected  to  these  terminals 
it  will  indicate  the  E.  M.  F.  of  dynamo  (rt),  whether  it  is  con- 
nected to  the  bus-bar  or  not;  /, /,  to  the  similar  contacts  of 
switch  J/,  S,;  /,  /,  to  the  bus-bars  -\-B  and  —B^  and  /,  to 
the  ground  for  the  purpose  of  testing  the  insulation  of  the 
circuits  or  of  the  machines. 

The  ammeters  are  each  connected  by  fine  wires  across  a 
special  low  resistance  shunt  S^  S^,  placed  directly  in  the 
main  circuit,  an  arrangement  which  obviates  the  necessity 
for  running  the  heavy  leads  to  the  ammeter  terminals.  The 
instruments  are  calibrated  to  read  the  current  passing 
through  the  main  leads,  the  proportion  flowing  through  the 
branch  circuits  of  the  ammeter  and  shunt  always  being  the 
same. 

34t5t>.  The  rheostats  for  regulating  the  field  current 
are  placed  in  the  lower  corners   of   the   switchboard,  but 
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supported  on  brackets  at  the  back,  the  shafts  projecting 
through  the  face  and  being  manipulated  by  means  of 
handles  H.  All  connections  are  behind  the  board,  to  avoid 
an  unsightly  appearance,  and  the  fuses  are  also  put  there, 
but  there  must  be  plenty  of  clear  space  to  enable  the  station 
attendant  to  replace  melted  fuses  and  inspect  the  wiring. 
Fuses  can  be  placed  on  the  face  of  the  board,  but  they 
would  require  to  be  enclosed  to  prevent  disfigurement  of 
the  surface  of  the  panels  when  they  bloxv. 

3257.  The  foregoing  figure  and  description  show  the 
general  arrangement  of  switchboards  for  supplying  power 
from  constant-potential  dynamos.  The  exact  arrangement 
for  any  particular  case  of  course  depends  upon  the  circum- 
stances of  that  case  and  the  taste  and  judgment  of  the  de- 
signer of  the  board,  the  principal  object  being  to  get,  first, 
an  economical  and  convenient  arrangement  of  the  necessary 
apparatus,  and  second,  a  neat  and  symmetrical  appearance. 
In  large  plants,  employing  a  number  of  machines,  it  is  more 
usual  to  use  shunt-wound  dynamos,  the  potential  of  which 
is  kept  constant  by  means  of  resistance-boxes  in  the  field 
circuits  operated  by  an  attendant  who  has  no  other  duty. 


FAULTS    IN    DYNAMOS. 

3258.  Failure  to  Generate. — The  first  run  of  a 
dynamo  should  be  made  without  field  excitation,  as  already 
pointed  out,  and  should  last  an  hour  or  two  for  a  small 
machine,  up  to  a  day  or  more  for  a  large  one.  Everything 
being  satisfactory,  the  field  circuit  may  be  closed  and  the 
resistance  gradually  cut  out,  a  voltmeter  being  placed 
across  the  terminals.  This  should  register  the  full  voltage, 
and  if  not,  something  is  wrong.  It  may  be  that  the  residual 
magnetism  is  reversed,  so  that  the  machine  can  not  build  up 
its  field.  In  order  to  test  this,  observe  the  deflection  of  the 
voltmeter  when  the  fiela  circuit  is  open.  If,  on  closing  it, 
the  needle  moves  back,  then  the  E.  M.  F.  generated  in  the 
armature  tends  to  neutralize  the  residual  magnetism.      In 
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this  case  move  the  brushes  round  the  commutator  until 
each  set  occupies  a  position  formerly  covered  by  an  adjacent 
set.  If  the  machine  builds  up,  and  it  is  not  convenient  to 
have  the  brushes  in  that  position,  they  can  be  moved  back, 
and  the  shunt  connections  reversed.  Another  reason  for 
the  inability  of  the  dynamo  to  generate  may  be  want  of 
sufficient  residual  magnetism,  which  can  be  remedied  by 
using  a  current  from  a  battery  or  another  dynamo  to  start 
it.  In  the  case  of  a  broken  circuit,  each  coil  should  be 
tested  to  see  if  it  is  whole,  and  the  connections  examined 
all  round.  This  will  localize  the  fault,  and  if  the  break  is 
inside  a  field  coil,  a  new  one  should  be  substituted.  When 
the  field  circuit  is  complete,  the  polarity  should  be  tested 
with  a  compass,  to  see  that  the  N  and  S  poles  alternate. 
If  one  of  the  coils  is  reversed,  the  machine  will  not  build  up 
to  the  proper  voltage.  A  short-circuited  coil  may  be  de- 
tected by  its  remaining  cool  while  the  others  heat  up  by  the 
passage  of  the  current.  A  short  circuit  in  an  armature  coil 
may  prevent  the  machine  reaching  the  proper  voltage,  but 
this  is  easily  found  by  that  coil  becoming  very  hot.  The 
heat  will  gradually  be  distributed  if  the  fault  is  not 
remedied,  so  that  several  coils  may  be  overheated.  In  this 
case  the  armature  should  be  allowed  to  cool,  and  then  run 
for  a  short  time,  when  the  defective  coil  will  be  easily  dis- 
tinguished. The  full  E.  M.  F.  may  not  be  reached  on 
account  of  the  speed  being  too  low,  but  this  may  be  easily 
checked  with  a  speed  indicator  and  the  engine  set  to  run 
faster  or  the  ratio  between  the  diameters  of  the  pulleys 
changed, 

3259.  Faulty  Insulation. — A  connection  to  ground 
through  the  insulation  may  be  detected  with  a  voltmeter, 
by  connecting  one  terminal  to  a  brush  and  touching  a  wire 
from  the  other  terminal  to  the  frame.  If  a  deflection  is 
obtained,  it  will  indicate  a  cross  between  some  of  the  wind- 
ings of  the  machine  and  the  frame.  Such  a  cross  is  usually 
termed  a  ground.  If  the  movement  of  the  needle  is  un- 
steady,   the     ground    is    probably    in    the    armature     or 
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commutator.  If  it  is  steady,  however,  the  cross  probably 
exists  between  the  field  and  the  frame.  If  in  this  case 
the  deflection  is  very  small,  it  indicates  that  the  cross  is  at 
some  point  on  the  field  near  the  brush  to  which  the 
voltmeter  was  attached.  The  voltmeter  should  then  be 
attached  to  the  other  brush  and  the  test  repeated. 
The  deflection  will  then  be  larger  and  the  sum  of 
the  two  deflections  will  equal  the  total  voltage  of  the 
machine.  When  the  deflection  at  either  brush  does  not 
exceed  5  per  cent,  of  the  E.  M.  F.  across  the  brushes,  it 
may  be  regarded  as  not  serious.  Insulation  resistance  may 
be  measured  as  explained  in  Arts.  2546  and  2547. 

3260.  Sparking  at  brushes  may  be  caused  by  an 
overload,  due  to  a  heavy  demand  for  current  or  to  a  short 
circuit.  If  the  overload  is  temporary,  the  machine  will 
stand  it,  when  properly  designed  ;  if  it  is  to  be  permanent, 
another  dynamo  must  be  supplied  or  the  load  reduced.  A 
short-circuited  coil  in  the  armature,  or  a  broken  circuit, 
will  each  cause  sparking.  In  the  latter  case  the  flashing 
will  be  much  more  severe,  and  there  will  be  no  local  heating 
of  the  armature  as  in  the  first  case.  An  open  armature 
coil  may,  however,  be  located,  in  most  cases,  by  a  careful 
inspection  of  the  commutator  bars,  as  the  excessive  sparking 
will  pit  the  bars  in  which  the  broken  coil  terminates.  The 
defective  coil  should  be  taken  out  and  replaced  as  soon  as 
pqssible,  but  in  an  emergency,  when  this  can  not  be  done, 
it  may  be  cut  out  by  connecting  together  the  corresponding 
commutator  bars.  It  must  not  be  forgotten  to  open  the 
circuit  of  the  coil  if  it  is  short-circuited,  since  if  left  in,  the 
heating  and  sparking  will  continue.  The  break  in  the 
armature  coil  is  likely  to  be  at  the  point  of  connection  to  the 
commutator  ;  but  if  this  is  not  the  place,  and  there  is  no  time 
to  rewind  the  coil,  the  adjacent  bars  may  be  bridged  over 
with  a  piece  of  copper  wire,  held  by  the  screws  or  connected 
with  solder,  care  being  taken  that  none  shall  fall  inside  the 
windings.  None  of  these  makeshifts  should  be  resorted  to 
unless  there  is  not  opportimity  to  do  otherwise. 
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An  overload  can  be  reduced  by  decreasing  the  strength  of 
field,  consequently  the  E.  M.  F.,  but  this  will  not  be  satis- 
factory except  for  extraordinary  occasions. 

3261.  Sparking  may  be  caused  by  an  uneven  commu- 
tator, whether  eccentric  or  having  some  bars  displaced,  or 
presenting  a  rough  surface,  so  that  the  brushes  do  not  re- 
main in  close  contact.  Eccentricity  can  be  remedied  only 
by  re-turning,  for  which  it  is  sometimes  necessary  to  remove 
the  entire  armature  and  place  it  in  a  lathe,  using  the 
centers  of  the  shaft  for  support.  Often,  however,  a  com- 
mutator may  be  re-turned  while  in  the  machine,  by  attach- 
ing a  sliding  tool  rest  and  tool  securely  to  the  bed  of  the 
machine.  The  armature  should  then  be  driven  at  a  slow 
speed,  while  the  tool  is  manipulated  as  on  a  lathe.  A  high 
bar  can  be  filed  down,  but  this  operation  must  be  very  care- 
fully performed,  to  avoid  producing  a  flat.  When  the 
surface  is  rough,  due  to  excessive  sparking  or  cutting,  it  can 
be  smoothed  down  with  some  fine  sandpaper,  laid  over  a 
flat  piece  of  wood.  Never  use  emery  paper  or  cloth.  Before 
putting  in  the  brushes,  examine  the  commutator  thoroughly 
to  make  sure  that  no  metal  chips  are  embedded  in  the  mica 
insulation.  It  is  well,  also,  to  see  that  the  bearing  ends  of 
the  brushes  are  clean,  in  order  that  the  full  surface  can  be 
utilized  for  collecting  current. 

When  all  conditions  are  at  their  best,  the  commutator 
will  take  on  a  brown,  polished  appearance,  and  this  can 
always  be  observed  on  sparkless  dynamos  when  the  com- 
mutator runs  true  and  the  brushes  are  not  set  so  hard  as 
to  cut. 

3262.  Distortion  of  the  field,  by  shifting  the  neutral 
point,  will  cause  sparking.  Armature  reaction  under  heavy 
load  will  produce  this  effect,  unless  the  field  is  very  strong, 
but  the  trouble  can  easily  be  remedied  by  shifting  the  posi- 
tion of  the  brushes  according  to  the  load.  Carbon  brushes 
are  less  apt  to  spark  than  copper,  but  can  not  be  used  for 
machines  of  low  voltage  on  account  of  their  high  resistance. 
The  quality  of  carbon   must   always  be  good.     When  the 
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grain  is  coarse  and  hard,  and  the  bearing  surface  does  not 
become  smooth  with  use,  the  brushes  should  be  discarded. 
They  may  be  improved  by  soaking  in  oil  or  vaseline  for  a 
few  hours,  the  vaseline  being  placed  over  a  steam-pipe 
or  near  the  boiler  to  keep  it  liquid. 

3263.  Heating. — A  certain  amount  of  heating  is  in- 
separable from  the  generation  of  current  in  a  dynamo,  but 
at  continuous  full  load  the  temperature  must  not  rise  more 
than  80°  F.  above  the  surrounding  atmosphere.  If  the  usual 
temperature  is  comparatively  low,  the  machine  will  stand 
overloading  for  a  time,  but  as  soon  as  the  heat  limit  is 
approached,  the  overload  must  be  taken  off.  There  are 
occasions  when  the  increase  in  load  may  reach  200  per  cent, 
of  the  full  load,  but  if  only  momentary,  a  well-designed  dy- 
namo will  not  suffer.  Systematic  overloading  is  ill  advised. 
The  hand  is  usually  sufficiently  sensitive  to  detect  danger- 
ous heating,  and  if  it  can  be  held  on  any  part  without  dis- 
comfort, the  heating  will  do  no  harm.  We  have  already 
seen.  Art.  3258,  that  if  one  field  coil  be  short-circuited,  the 
remaining  coils  will  heat  up.  If  an  excessive  rise  of  temper- 
ature is  due  to  this  cause,  it  will  be  readily  discovered  by 
touching  each  coil  in  succession.  A  heavy  overload  may 
cause  the  armature  to  heat  dangerously.  Warning  will 
probably  be  given  by  abundant  sparking  and  a  decrease  of 
speed,  and  a  glance  at  the  ammeter  will  determine  the  fact. 
If  the  load  be  not  reduced,  the  armature  may  become  so  hot 
as  to  endanger  it,  and  a  strong,  peculiar  smell  of  burning 
shellac  will  be  noticeable.  Should  the  case  become  as  seri- 
ous as  this,  the  load  must  at  once  be  thrown  off,  but  on  no 
account  stop  the  machine  from  turning.  The  superior  venti- 
lation due  to  the  motion  of  the  armature  may  prevent  it 
being  burnt  out,  while  if  allowed  to  stand,  the  temperature 
will  inevitably  rise  still  higher  than  before. 

3264.  What  may  be  called  an  inherent  cause  of  heat- 
ing is  the  production  of  eddy  currents  in  the  armature  core, 
due  to  the  want  of  subdivision  or  lamination.  There  is  no 
cure  for  this,  it  being  a  matter  of  design  in  the  first  instance. 
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3265.  Should  the  bearings  become  \vA,  the  caps  may 
be  removed,  if  the  pull  of  the  belt  will  not  cause  the  shaft  to 
jump  and  thus  injure  the  armature  by  striking  the  pole- 
pieces.  It  will  be  possible  in  any  case  to  slack  up  the 
bolts,  and  in  an  emergency,  ice  or  cold  water  can  be  used  to 
cool  the  metal.  This  is  dani^^erous,  however,  on  account  of 
the  liability  of  some  water  reaching  the  armature  and  of 
the  possibility  of  cracking  the  shaft;  hence,  this  method 
should  be  resorted  to  only  in  cases  of  absolute  necessity.  It 
will  usually  be  found  effective  to  relieve  the  pressure  on  the 
shaft,  and  see  that  plenty  of  oil  is  supplied.  If  the  oiling  is 
automatic,  the  well  may  require  replenishing,  as  the  rings 
may  not  dip  in,  or  they  may  be  caught  against  the  side  of 
the  slot  in  the  bearing,  and  refuse  to  turn.  If  the  oil  is 
thick  and  gritty,  it  should  be  drawn  off  at  once,  and  a  fresh 
supply  substituted.  During  this  operation,  which  can  be 
done  very  quickly  when  everything  is  in  readiness,  lubrica- 
tion must  be  keep  up  with  an  oil-can.  On  stopping  the 
machine,  a  more  thorough  cleaning  can  be  given,  and  the 
cause  of  the  trouble  should  be  definitely  determined,  that  it 
may  be  removed. 

3266.  Xoise  in  the  machine  may  be  due  to  the  rattling 
of  some  loose  parts,  and  can  be  remedied  when  the  engine  is 


Fig.  1214. 

shut  down  by  carefully  inspecting  all  screws,  nuts,  or  other 
fittings,  and  tightening  where  necessary.  If  there  is  strong 
vibration,  varying  with  different  speeds,  the  revolving  parts 
are  out  of  balance;  it  may  be  possible  to  reduce  this  by 
placing  the  armature  on  two  horizontal  tracks,  as  /,  /  in 
Fig.  1214,  and  binding  on  small  pieces  of  lead  until  a  perfect 
balance   is   secured.      Still,  tliis    may  only   be  an  apparent 
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remedy,  for  a  balance  could  be  obtained  with  counteracting 
weights  at  different  corners,  which  on  revolving  would  pro- 
duce a  wobbling  motion.  It  is  reasonable  to  suppose  that 
an  armature  supplied  by  a  reputable  maker  will  be  carefully 
balanced,  and  the  trouble  may  be  due  to  the  pulley.  These 
are  generally  made  in  web  form,  and  when  turned  all  over, 
run  very  quietly. 

SSGT.  A  striking  sound  can  be  easily  located  by  the 
mark  produced.  A  humming  noise  is  probably  due  to  the 
brushes  on  the  commutator,  and  this  can  not  be  entirely 
eliminated,  although  it  will  be  less  with  a  good  quality  of 
carbon  brush  than  if  the  brush  is  of  poor  quality. 

The  flapping  of  a  belt  joint  is  distinguishable  above  any 
other  sound,  and  is  chiefly  objectionable  when  the  dynamo 
is  on  a  lighting  circuit,  as  the  effect  on  the  lamps  is  noticea- 
ble. Dynamo  belts  should  be  endless,  that  is,  furnished  of 
the  proper  length  for  each  machine,  with  a  long  cemented 
joint,  so  that  no  periodic  change  in  speed  can  occur;  the 
belt  pressure  is  then  more  constant.  Squeaking  may  be 
caused  by  slipping  of  the  belt,  because  it  is  too  narrow,  or 
because  the  pulley  is  too  small  or  the  load  too  great.  Resin 
should  not  be  used  to  give  a  tighter  hold  on  the  pulley,  as 
the  result  is  not  a  better  permanent  grip,  and  it  is  detrimen- 
tal to  the  leather. 

STATION    MANAGEMENT. 

3268.  Increase  in  economy  of  operation  without  a 
decrease  in  the  constancy  and  reliability  with  which  power 
is  supplied  to  consumers  is  always  a  proof  of  good  manage- 
ment of  a  station.  It  will  be  a  saving  of  expense  to  supply 
a  sufficient  number  of  accurate  instruments,  by  means  of 
which  an  account  may  be  kept  of  the  output  in  electrical 
power  and  the  coal  consumed  in  its  production.  This 
amount  is  usually  expressed  in  pounds  per  electrical  horse- 
power per  hour,  and  may  be  the  average  weight  of  coal 
burned  per  hour  during  the  day,  or  week,  or  month,  divided 
by  the  average  electrical  horsepower  during  the  same  time. 
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This  average  horsepower  may  be  determined  by  taking 
simultaneous  readings  during  the  day  at  regular  intervals 
on  the  ammeters  and  voltmeters  which  measure  the  out- 
going power,  and  averaging  these  results;  then,  the  product 

C  E 
being  watts,  ——will  give  the  horsepower.     In  weighing  the 

coal  for  a  test,  notice  whether  it  is  damp  to  start  with. 
Some  dealers  are  unscrupulous  enough  to  sprinkle  plenti- 
fully to  increase  the  weight,  the  water  being  easily  taken 
up  by  some  forms  of  bituminous  coal.  When  coal  is  deliv- 
ered is  the  time  to  ascertain  the  weight,  and  if  leaks  are 
carefully  stopped,  the  average  fuel  consumption  can  be 
easily  determined  for  any  considerable  period  of  time. 

When  condensing  engines  are  used,  the  practice  is  some- 
times followed  of  throwing  the  condensers  out  of  action 
when  the  load  falls  unusually  low.  The  engine  will  neces- 
sarily work  at  much  lower  efficiency  in  this  case,  and  if  the 
reduction  of  load  is  gradual  and  likely  to  continue  at  that 
point,  the  better  plan  of  meeting  it  is  to  lower  the  pressure 
in  the  boilers  and  use  the  condensers.  A  recording  pressure- 
gauge  for  indicating  the  boiler  pressure  continuously  during 
the  day  and  printing  the  record  obtained,  is  a  useful  instru- 
ment, as  showing  with  what  degree  of  care  the  firing  has 
been  done. 

3269.  Leakage  on  the  Line. — The  amount  of 
trouble  to  be  expected  on  this  score  depends  very  largely 
upon  the  manner  in  which  the  installation  is  carried  out. 
Good  material  in  the  hands  of  careful  and  experienced  men 
is  the  prime  requisite,  and  it  will  pay  to  do  this  work 
thoroughly.  In  lines  running  through  the  country,  abra- 
sion of  the  insulation  is  often  caused  by  the  scraping  of  a 
branch  of  a  tree,  and  the  leakage  is  variable,  there  being 
sometimes,  as  on  a  still  day,  no  contact,  and  on  a  wet  and 
windy  day  the  loss  is  a  maximum.  In  any  system  using  the 
ground  as  a  return,  such  as  electric  railways,  much  trouble 
is  apt  to  be  caused  by  electrolysis,  unless  the  rail  bonds  and 
connections   to  the   supplementary  wire   are  very  reliable. 
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The  current  is  carried  along  gas  and  water  pipes,  which 
serve  as  a  return  conductor,  and  it  sometimes  acts  upon 
them  electrolytically,  making  large  holes  in  them,  and 
necessitating  considerable  expense  in  repairs. 

3270.  Breaks. — When  a  wire  has  been  put  up  Avith- 
out  due  allowance  being  made  for  contraction  in  cold 
weather,  it  is  liable  to  snap  when  a  frost  comes.  A  wire  is 
sometimes  nearly  severed  by  a  careless  lineman  in  installing, 
or  by  some  accident,  and  may  be  left  with  barely  enough 
metal  to  hold  the  two  ends  together,  so  that  the  circuit, 
when  tested  for  continuity,  seems  all  right.  The  resistance 
will  be  higher  than  it  should  be,  and  the  break  must  be 
located,  even  though  it  should  necessitate  a  long  examina- 
tion. If  the  system  is  divided  into  separate  circuits,  the 
one  at  fault  may  be  overhauled;  if  the  wires  are  accessible, 
they  may  be  shaken  to  locate  the  trouble,  when  the  bending 
at  that  point  may  show  it.  If  the  wires  are  all  laid  in  fire- 
proof conduits,  so  that  there  is  no  danger  of  fire  from  over- 
heating, a  strong  current  may  be  sent  through,  and  the  slight 
contacts  burnt  through.  Then  the  capacity  test,  described 
later,  will  indicate  the  location  of  the  break. 


THE  TRANSMISSION   CIRCUIT. 


^VIRES. 

3271.  The  wires  most  extensively  used  as  conductors 
in  the  transmission  of  electrical  energy  are  copper,  iron,  and 
various  bronzes.  It  is  probable  that  aluminum  also  will,  in 
the  future,  be  largely  used  for  this  purpose,  but  at  present  it 
is  used  in  but  few  instances.  German  silver,  lead,  and  tin  wires 
are  often  used  as  conductors,  but  only  at  points  where  it  is 
desirable  to  have  a  comparatively  high  resistance  in  the  circuit. 

3272.  The  specific  resistance  of  a  conductor  is  the 
resistance  between  the  opposite  faces  of  a  cube,  1  centimeter 
square,  of  the  given  substance,  at  a  temperature  of  0°  C,  or 
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32°  F.  The  resistance  in  microhms  or  millionths  of  an  ohm 
of  one  cubic  inch  of  each  of  the  common  metals  is  given  in 
Table  70.  The  following  table  gives  the  resistances  of  the 
same  metals  in  microhms  per  C7ibic  centimeter  at  a  tempera- 
ture of  0°  C. 

TABLE  97. 


Metal. 

Resist- 
ance. 

Metal. 

Resist- 
ance. 

Silver,  annealed  .... 

1.504 

Iron,  annealed 

0.716 

Copper,  annealed  . .  . 

1.598 

Nickel,  annealed.  .  .  . 

1 -2.470 

Silver,  hard-drawn.  . 

1.634 

Tin,  pressed 

1:5.210 

Copper,  hard-drawn. 

1.634 

Lead,  pressed 

I'.i.G30 

Gold,  annealed 

2.058 

German  Silver 

2(t.030 

Gold,  hard-drawn... 

2.094 

Antimony,  pressed .  . 

35.500 

Aluminum,  annealed 

2.912 

Mercury 

94.320 

Zinc,  pressed 

5.626 

Bismuth,  pressed  . .  . 

131.200 

Platinum,  annealed.. 

9.057 

3273.  The  specific  conductivity  of  a  conductor  is 
the  reciprocal  of  its  specific  resistance. 

3274.  The  percentage  conductivity  of  a  conductor 
is  the  ratio  that  its  specific  conductivity  bears  to  that  of 
some  standard  conductor,  usually  pure  copper,  the  conduc- 
tivity of  the  latter  being  taken  as  100. 

The  percentage  conductivity  of  a  wire  is  the  ratio  the 
conductivity  of  that  wire  bears  to  the  conductivity  of  a.  pure 
copper  wire  at  the  same  temperature  and  of  the  same  length 
and  weight,  the  conductivity  of  the  latter  being  taken  as  100. 

3275.  It  is  customary  to  express  the  diameter  of  a  wire 
in  mils  and  its  cross  sectional  area  in  circular  fnils. 

A  mil  is  a  linear  measure,  and  is  equal  to  one-thousandth 
of  an  inch,  or,  expressed  as  a  decimal,  .001  inch. 

A  circular  mil  is  the  area  of  a  circle  the  diameter  of 
which  is  one  mil. 
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This  method  of  expressing  the  area  of  cross-section  of  a 
wire  is  chosen  in  preference  to  expressing  it  in  square  inches, 
because  a  very  simple  relation  exists  between  the  circular 
millage  and  the  diameter  of  a  wire,  so  that  either  is  more 
easily  determined  from  the  other  than  if  the  area  were  ex- 
pressed in  square  inches. 

Suppose  a  wire  to  have  a  diameter  of  1  mil,  or  .001  inch, 
its  area  in  square  inches  would  then  be  .001"  X  .7854  = 
.0000007854  sq.  in.  Such  an  area  is  termed  a  circular  mil, 
and  is  usually  written  C.  M. 

The  number  of  such  C.  M.'s  on  the  face  of  the  cross-section 
of  a  wire  is  a  measure  of  the  area  of  this  cross-section. 

Example. — What  is  the  area  of  cross-section  in  circular  mils  of  a 
copper  rod  1  inch  in  diameter  ? 

Solution. — The  area  of  a  circle  1  inch  in  diameter  expressed  in 
square  inches  is  1^  X  .7854  =  .7854  sq.  in. 

1  C.  M.  =  .0000007854  sq.  in.  (as  above). 

Such  a  circle  of  1  inch  diameter  has,  therefore,  a  circular  mill- 

Hence,  a  wire  of  1  inch  diameter  has  a  cross-sectional  area  of 
1,000,000  circular  mils. 

But  1  inch  =  1,000  mils,  and,  since  1,000  X  1,000  =  1,000,- 
000,  the  derivation  of  the  following  formula  will  be  evident: 

C.  M.  =  d\  (489.) 

where  C.  M.  is  the  area  in  circular  mils,  and  d  is  the  diam- 
eter in  mils.  In  other  words,  the  area  of  cross-section  of  a 
wire  in  circular  mils  is  computed  by  squaring  the  diameter 
of  the  wire  in  mils. 

Example. — What  is  the  area  in  circular  mils  of  a  wire  having  a 
diameter  of  .46  in.  ? 

Solution. —    .46  in.  —  460  mils. 
460  X  460  =  211,600  C.  M.'s.     Ans. 

Rule. —  T/ie  diameter  in  mils  of  a  wire  the  area  of  which 
is  given  is  found  by  extracting  the  square  root  of  the  circular 
millage. 

Example. — What  is  the  diameter  of  a  wire  having  a  cross-sectional 
area  of  1,021.5  circular  mils  ? 


Solution.—     1/1.021.5  =  31.961  mils  =  .031961  in.    Ans. 
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COPPER   liV'IRE. 

3276.  Copper  is  used  for  electric  light  and  power  lines, 
for  most  telephone  and  some  telegraph  lines,  and  for  all 
cases  where  low  resistance  is  required  at  moderate  cost. 

Pure  annealed  copper  has  a  specific  gravity  of  8.89  at  00°  F. 
One  cubic  inch  weighs  0. 32  pound,  and  its  inciting  point  is 
about  2,100^  F.  Good  hard-drawn  copper  wire  will  sup- 
port nearly  three  times  its  own  weight  in  pounds  per  mile. 
Thus  a  No.  10  B.  &  S.  gauge  copper  wire  weighing  166  lb. 
per  mile  will  have  a  breaking  strength  equal  to  3  X  166  = 
498  lb.  In  making  specifications  for  copper  line-wire  it  is 
customary  to  specify  that  it  shall  have  a  breaking  strength 
equal  to  at  least  two  and  one-half  times  its  weight  per  mile. 

3277.  The  weight  per  mile  of  a  copper  wire  is  given  by 
the  formula 

where  d  is  the  diameter  in  mils  and  W  the  weight  in  pounds. 
The  resistance  per  mile  in  ohms  of  any  pure  copper  wire  at 
To°  F.  is  given  by  the  formula 


^  =  ^^,  (491.) 


d' 

where  d  is  the  diameter  in  mils  and  R  the  resistance  in 
ohms. 

Example. — About  what  is  the  weight  p>er  mile  of  a  copper  write 
80.808  mils  in  diameter  ? 

SoLUTioK— Weight  =  ^^^^*  =  10*- 48  lb.  per  mile.     Ans. 

E.XAMPLE.— About  what  is  the  resistance  per  mile  (at  75"  F.)  of  a 

copper  wire  102  rails  in  diameter  ? 

56  970 
Solution. — Resistance  permile  =  ■   '     -  =5. 476  ohms  per  mile.  Ans. 

327S.     .Mattliicssen's  Standard. — Tables  giving  the 
resistances  of  the  various  sizes  of  copper  wire  are  usually 
based  on  the  grade  of  wire  used  by  Dr.  Matthiessen  in  deter- 
mining the  resistance  of  copper.     The  conductivity  of  this 
hi.  E.    l\.—S 
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wire  was  at  one  time  the  highest  known,  but  wire  has  been 
produced  by  electrodeposition  having  a  somewhat  higher 
conductivity.  Matthiessen  found  that  a  piece  of  soft  copper 
wire  one  foot  long  and  having  a  uniform  diameter  of  one 
one-thousandth  of  an*  inch,  had  a  resistance  of  9.612  legal 
ohms  at  a  temperature  of  0°  C.  Such  a  piece  of  wire  is 
termed  a  mil-foot,  meaning  that  its  diameter  is  one  mil  and 
its  length  one  foot. 

3279.  Brown  &  Sharpe  Gauge. — This  gauge  is 
usually  termed  B.  &  S.,  and  wire  is  generally  designated 
according  to  it  in  the  United  States.  The  Birmingham  wire 
gauge  (B.  W.  G.),  or  Stubs  gauge,  is  used  sometimes,  and 
differs  considerably  from  the  B.  &  S. 

An  advantage  of  the  B.  &  S.  gauge  is  that  the  resistance 
per  unit  length  advances  with  the  gauge  number  in  a  geo- 
metrical progression,  and  if  the  ratio  between  the  successive 
sizes  is  known,  the  resistance  of  any  size  may  be  determined 
from  the  known  resistance  of  any  other  size. 

The  ratio  between  the  resistance  of  any  zvire  in  the  B.  &  S. 
gauge  and  that  of  the  next  higher  number  is  as  1  to  1.26. 

As  1.26  is  the  cube  root  of  2,  it  follows  that: 

A  wire  three  sizes  smaller  than  a  given  wire  will  have  a 
resistance  twice  as  great ^  and  a  wire  three  sizes  larger  will 
have  a  resistance  one-half  as  great  as  that  of  the  given  wire. 

Example. — Find  the  resistance  of  1,000  ft.  of  No.  16  B.  &  S.  gauge 
copper  wire,  having  given  that  the  resistance  of  1,000  ft.  of  No.  10  wire 
is  1  ohm. 

Solution. — No.  16  is  six  sizes  smaller  than  No.  10,  and  will  there- 
fore have  four  times  the  resistance.     4x1  =  4  ohms.     Ans. 

Example. — The  resistance  of  a  No.  12  B.  &  S.  gauge  copper  wire  is 
8.37  ohms  per  mile.  What  is  the  resistance  {a)  of  a  mile  of  No.  11  ? 
{b)  of  a  mile  of  No.  13  ? 

Solution.— («)  8.37 -f- 1.20==    6.64  ohms.     Ans. 
(<^)  8.37x1.26  =  10.54  ohms.     Ans. 

Example. — The  resistance  of  a  No.  00  B.  &  S.  gauge  copper  conductor 
is  .411  ohm  per  mile.  What  is  the  resistance  of  a  similar  conductor  of 
No.  3  gauge  ? 
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Solution. — The  third  size  smaller  than  No.  00  is  No.  2.  The 
resistance  of  No.  2  per  mile  is,  therefore,  2  X  .411  =  .822  ohm.  The 
resistance  of  No.  3  is  1.26  times  that  of  No.  2,  or  .822  X  1.26=  1.036 
ohms.     Ans. 

3280.  It  is  a  very  convenient  fact  to  remember  that  the 
diameter  of  a  No.  10  wire  in  the  B.  &  S.  gauge  is  very  close 
to  one-tenth  of  an  inch  (.101890),  and  that  its  resistance  per 
1,000  feet  is  practically  one  ohm  (1.04).  For  rough  values, 
one  can,  by  remembering  these  facts,  compute  the  resist- 
ance and  cross-sectional  area  of  any  other  size  in  the  B.  &  S. 
gauge  without  the  use  of  a  table.  The  area  of  course  varies 
inversely  as  the  resistance.  For  accurate  calculations,  how- 
ever, it  is  better  to  consult  a  table  giving  the  various  prop- 
erties of  wire  of  different  sizes. 

3281.  Table  98  gives  the  dimensions,  weight,  length, 
and  resistance  of  pure  copper  wire  according  to  the  B.  &  S. 
gauge. 

3282.  Unfortunately  various  manufacturers  of  wire 
have  adopted  independent  gauges  by  which  to  designate  the 
sizes  of  their  wires.  Table  99  shows  the  diameters  of  the 
different  gauge  numbers  according  to  the  more  important  of 
these  standards. 

3283.  The  temperature  coefficient  for  pure  copper  is 
0.0021  for  a  chanjT^e  of  1^  F.  This  figure  is  exact  enough  for 
a  correction  L"  TO  <>v  •'"  F.  for  all  ranges  of  temperature 
that  occur  in  the  testing  room;  but  for  ranges  below  50°  F. 
or  above  100°  F.  it  is  better  to  consult  a  table. 

Table  100  gives  the  constants  by  which  the  resistance 
of  a  copper  conductor  (at  the  observed  temperature)  must 
be  multiplied  to  correct  its  resistance  to  "^"^  F. 

Example. — The  observed  resist!" ^'  ■  coppc.   »  .:^  i..  12.74G  ohms 

at  88'  F.     What  is  its  resistance  at 

Solution.—    12.746  X. 9728  =  12.399  ohms.     Ans. 
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TABLE    98. 
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05 

u 

-a 

T^ 

Resistance  of  Pure  Copper 

, 

1= 

3 
0 
I-  . 

a,  fa 

c 

at  75° 

F. 

o 
'A 

^ 

0.2 

.£:? 

•S  a 
."Is 

u 

«ifa 

u 

J)  . 
ftp 

m5 

a! 

5 

ID 

■4-> 

a> 
fa 

0  M- 

si 
fa 

C  0 

5^ 

oooo 

460.000 

211,600.00 

639-33 

1.56 

.051 

19,605.69 

.0000708 

ooo 

409.640 

167,805.00 

507-01 

1.97 

.064 

15,547.87 

.0001270 

oo 

364.800 

133.079-40 

402.09 

2.49 

.081 

12,330.36 

.0002020 

o 

324-865 

105,534.50 

319.04 

3-I3 

.102 

9.783.63 

.0003200 

I 

289.300 

83,694.20 

252.88 

3-95 

.129 

7,754-66 
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2 

257.630 

66,373.00 

200.54 

4-99 

.163 

6,149-78 

.0008110 

3 

229.420 

52,634.00 

159-03 

6.29 

.205 

4.876.73 

.0012890 

4 

204.310 

41,742.00 

126.12 

7-93 

•259 

3,867.62 

.0020500 

5 

181.940 

33,102.00 

100.01 

10.00 
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6 
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12.61 
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7 
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15.90 

•519 
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8 
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9 

114.430 
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39-56 

25.28 
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lO 
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II 

90.742 

8,234.00 
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40.20 
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762.93 

.0526900 

12 

80.808 
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19-73 

50.69 
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605.03 

.0837700 

13 

71.961 

5.178-40 

15-65 

63.91 

2.084 

479.80 

.1332100 

14 

64.0S4 

4,106.80 

12.41 

80.59 

2.628 

380.51 

.2118000 

15 

57.068 

3.256.70 

9.84 

101.63 
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301-75 

.3368000 

i6 

50.820 
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7.81 

128.14 
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239-32 

.5355000 

17 
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2,048.20 

6.19 
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.8515000 

i8 
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150.50 
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19 
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3-78 

264.26 
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2.2772000 

20 

31.961 

1,021.50 

3-09 

324.00 

10.566 

94-65 

3.4230000 

21 

28.462 

810.10 

2.45 

408.56 

13-323 

75.06 

5.4430000 

22 

25347 

642. 70 

1.94 

515-15 

16.799 

59-53 

8.6540000 

23 

22.571 

509-45 

1-54 

649. 66 

21.185 

47.20 

13.7630000 

24 

20.100 

404.01 

1.22 

819.21 

26.713 

37-43 

21.8850000 

25 

17.900 

320.40 

•97 

1,032.96 

33-684 

29.69 

34.7950000 

26 

15.940 

254-01 

.77 

1,302.61 

42.477 

23.54 

55.3310000 

27 

14-195 

201.50 

.61 

1,642.55 

53-563 

18.68 

87.9790000 

28 

12.641 

159-79 

.48 

2,071.22 

67-542 

14.81 

139.8930000 

29 

11.257 

126.72 

.38 

2,611.82 

85.170 

11.74 

222.4490000 

30 

10.025 

100.50 

.30 

3.293-97 

107.391 

9-31 

353.7420000 

31 

8.928 

79-71 

.24 

4,152.22 

135-402 

7-39 

562.2210000 

32 

7-950 

63.20 

.19 

5,236.66 

170.765 

5.86 

894.2420000 

33 

7.080 

50.13 

.15 

6,602.71 

215.312 

4.64 

1,421.6460000 

34 

6.304 

39-74 

.12 

8,328.30 

271-583 

3.68 

2,261.8200000 

35 

5.614 

31-52 

.10 

10,501.35 

342-443 

2.92 

3,596.  io4(Xxx) 

36 

5.000 

25.00 

.08 

13,238.83 

431.712 

2.32 

5,7i5.3f)00ooo 

37 

4-453 

19.83 

.06 

16,691.06 

544-287 

1.84 

9,084.7100000 

38 

3-965 

15-72 

•05 

20,854.65 

686.511 

1.46 

14,320.2600000 

39 

3-531 

12.47 

.04 

26,302.23 

865.046 

1. 16 

22,752.6000000 

40 

3-144 

9.89 

•03 

33.175-9-4 

1,091.865 

.92 

36,223.5900000 
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TABLE  99. 


DIFFERENT    STANDARDS    FOR     WIRE    GALGC     I.\    USE    IN 
THE    UNITED    STATES. 

Dimensions  of  Wires  in  Decimal  Parts  of  an  Inch. 


0  M 

b 

%. 

S  -JO 

=  ;..  i;  a! 

C2 

.  0 

1)  0 

.2  f  i 

"is 

1^1^ 

'"'  c  . 
c  ^    • 

m 

^£5 

Eg 

III 
< 

-52 

t-  z 

xr'O 

=  :> 

oooooo 

.4600 

OOOOOO 

ooooo 

.... 

.4300 

.4500 

... 

ooooo 

CXXX) 

.460000 

.454 

•3930 

.4000 

.... 

0000 

ooo 

.409640 

•425 

.3620 

.3600 

-3586 

000 

oo 

.364800 

.380 

•3310 

.3300 

.3282 

00 

o 

.324860 

.340 

.3070 

.3050 

.2994 

0 

I 

.289300 

.300 

.2830 

.2850 

■2111 

I 

2 

.257630 

.284 

.2630 

.2650 

•2591 

2 

3 

.229420 

•259 

.2440 

•2450 

.2401 

3 

4 

.204310 

.238 

.2250 

.2250 

.2230 

4 

5 

.181940 

.220 

.2070 

.2050 

•2047 

5 

6 

.162020 

.203 

.1920 

.1900 

.1885 

6 

7 

.144280 

.180 

.1770 

.1750 

•I75S 

7 

8 

.128490 

.165 

.1620 

.1600 

.1605 

8 

9 

.114430 

.148 

.1480 

.1450 

.1471 

9 

lO 

.101890 

.134 

.1350 

.1300 

•I35I 

TO 

II 

.090742 

.120 

.1200 

.1175 

.1205 

II 

12 

.080808 

.109 

.1050 

.1050 

.1065 

12 

13 

.071961 

.095 

.0920 

.0925 

.0928 

13 

14 

.064084 

.083 

.0800 

.0800 

.0816 

.08300 

14 

15 

.057068 

.072 

.0720 

.0700 

.0726 

.07200 

15 

i6 

.050820 

.065 

.0630 

.0610 

.0627 

.06500 

16 

17 

.045257 

.058 

.0540 

.0525 

.0546 

.05800 

17 

iS 

.040303 

.049 

.0470 

.0450 

.0478 

.04900 

18 

19 

.035890 

.042 

.0410 

.0400 

.0411 

.04  00 

19 

20 

.031961 

.035 

.0350 

.0350 

•0351 

.03500 

20 

21 

.028462 

.032 

.0320 

.0310 

.0321 

.03150 

21 

22 

.025347 

.02S 

.0280 

.0280 

.0290 

.02950 

22 

23 

.022571 

.025 

.0250 

.0250 

.0261 

.02700 

23 

24 

.020100 

.022 

.0230 

.0225 

.0231 

.02500 

24 

25 

.017900 

.020 

.0200 

.0200 

.0212 

.02300 

25 

26 

.015940 

.018 

.0180 

.0180 

.0194 

.02050 

26 

27 

.014195 

.016 

.0170 

.0170 

.0182 

.01875 

27 

28 

.012641 

.014 

.0160 

.0160 

.0170 

.01650 

28 

29 

.011257 

.013 

.0150 

.0150 

.0163 

.01550 

29 

30 

.010025 

.012 

.0140 

.0140 

.0156 

.01375 

30 

31 

.00892S 

.010 

.0135 

.0130 

.0146 

.01225 

31 

32 

.007950 

.009 

.0130 

.0120 

.0136 

.01125 

32 

33 

.007080 

.008 

.OIIO 

.0110 

.0130 

.01025 

33 

34 

.006304 

.007 

.0100 

.0100 

.0118 

.00950 

34 

35 

.005614 

.005 

.0095 

.0095 

.0109 

.00900 

35 

36 

.005000 

.004 

.0090 

.0090 

.0100 

.00750 

36 

37 

.004453 

.... 

.0085 

.0085 

.0095 

.00650 

37 

38 

.003965 

.0080 

.0080 

.0090 

.00575 

38 

3G 

.003531 

.0075 

.0075 

.0083 

.00500 

39 

40 

.003144 

.0070 

.0070 

.0078 

.00450 

40 
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0)  .5 
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a 
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fa 

d,    <u 

u 
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fa 

100 

.9484 

82 

.9853 

64 

1.0236 

46 

1.0634 

99 

.9504 

81 

.9874 

63 

1.0258 

45 

1.0657 

98 

.9524 

80 

.9895 

62 

1.0280 

44 

1.0679 

97 

.9544 

79 

.9916 

01 

1.0301 

43 

1.0702 

9G 

.9564 

78 

.9937 

60 

1.0323 

42 

1.0725 

95 

.9585 

77 

.9958 

59 

1.0345 

41 

1.0748 

94 

.9605 

76 

.9979 

58 

1.0367 

40 

1.0771 

93 

.9626 

75 

1.0000 

57 

1.0389 

39 

1.0793 

92 

.9646 

74 

1.0021 

56 

1.0411 

38 

1.0816 

91 

.9666 

73 

1.0042 

55 

1.0433 

37 

1.0839 

90 

.9687 

72 

1.0064 

54 

1.0455 

36 

1.0862 

89 

.9708 

71 

1.0085 

53 

1.0478 

35 

1.0885 

88 

.9728 

70 

1.0106 

52 

1.0500 

34 

1.0908 

87 

.9749 

69 

1.0128 

51 

1.0522 

33 

1.0932 

86 

.9769 

68 

1.0149 

50 

1.0544 

32 

1.0954 

85 

.9790 

67 

1.0160 

49 

1.0567 

84 

.9811 

66 

1.0193 

48 

1.0589 

83 

.9832 

65 

1.0214 

47 

1.0612 

3284.  Table  101  is  useful  for  calculating  percentage 
conductivities.  It  gives  the  resistance  (in  British  Asso- 
ciation, or  B.  A.,  units),  at  various  temperatures,  of  a  copper 
wire  one  foot  long,  weighing  one  grain.  The  B.  A.  ohm 
equals  0.9889  legal  ohm.  Therefore,  to  reduce  the  re- 
sistances to  legal  ohms  multiply  by  0.9889. 

3285.  Table  102  gives  the  temperature  correction  of 
copper  wire.  It  is  based  on  Matthiessen's  standard,  de- 
scribed in  Art.  3278. 


ELECTRIC  TRANSMISSION. 
TABLE    lOl. 


2151 


RESISTANCE  IN   B.  A.  UNITS  OF  COPPER   li^'IRE   1    FOOT 
LONG,  ^VEIGHING    1  GRAIN. 


Tempera- 
ture in 

1 
Resist- 

Tempera- 
ture in 

Resist- 

Tempera- 
ture in 

Resist- 

Degrees 
F. 

ance. 

Degrees 
F. 

ance. 

Degrees 
F. 

ance. 

32.0 

.2064 

66.2 

.2220 

84.2 

.2305 

41.0 

.2102 

68.0 

.2228 

86.0 

.2313 

50.0 

.2144 

69.8 

.2237 

87.8 

.2322 

51.8 

.2153 

71.6 

.2242 

89.6 

.2328 

53.  G 

.2161 

73.4 

.2253 

91.4 

.2340 

55.4 

.2170 

75.2 

.2262 

93.2 

.2348 

57.2 

.2178 

77.0 

.2271 

95.0 

.2357 

59.0 

.2186 

78.8 

.2279 

96.8 

.2365 

60.8 

.2194 

80.6 

.2287 

98.6 

2376 

62.6 

.2203 

82.4 

.2296 

100.4 

2383 

64.4 

.2211 

TABLE    102. 


Resistance 
per  Mil- 
Foot  in 
Legal 
Ohms. 


10.00 
10.10 
10.20 
10.30 
10.40 
10.50 


Tempera- 
ture in 
Degrees 
F. 


50.47 
55.15 
59.79 
64.40 
68.97 
73.51 


Resistance 
per  Mil- 
Foot  in 
Legal 
Ohms. 


10.60 
10.70 
10.80 
10.90 
11.00 


Tempera- 
ture in 
Degrees 
F. 


78.01 
82.47 
86.90 
91.31 
95.69 


Resistance 
per  Mil- 
Foot  in 
Legal 
Ohms. 


11.10 
11.20 
11.30 
11.40 
11.50 


Tempera- 
ture in 
Degrees 
F. 


100.04 
104.36 
108.64 
112.90 
117.14 
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In  Table  102  the  temperatures  have  been  calculated  be- 
tween which  the  resistance  increases  1  per  cent.  To  calcu- 
late the  resistance  of  any  copper  wire  whose  diameter  is  given 
in  mils,  whose  length  is  given  in  feet,  and  whose  tempera- 
ture is  given  in  degrees  F,,  use  the  formula 

Rt  =  ^.K.  (492.) 

R^  is  the  resistance  to  be  found  at  temperature  /",  L  is  the 
length  in  feet,  d  is  the  diameter  in  mils,  and  K  is  the  resist- 
ance per  mil-foot  found  from  Table  102  and  corresponding 
to  the  temperature  nearest  to  /. 

Example. — What   is   the   resistance  of  a  copper   wire  40  mils  in 
diameter  and  27  feet  long  at  a  temperature  of  73°  F.? 
Solution. — From  the  table  A' equals  10.50;  therefore, 

Ri  =7^^  X  10.50  =  0.17718  ohm.     Ans. 
'  (40)'' 


EXAMPLES    FOR    PRACTICE. 

1.  {a)  What  is  the  resistance  per  mile  (at  73°  F.)  of  a  copper  wire 
25  mils  in  diameter  ?    ij))  What  is  the  weight  per  mile  ? 

.        (  (a)  88.7  ohms  per  mile. 
'  ]  {b)  10  lb.  weight  per  mile. 

2.  What  is  the  resistance  at  65°  F.  of  a  copper  wire  50  feet  long  and 
28  mils  in  diameter?  Ans.  .6569  ohm. 

3.  Find  the  approximate  resistance  per  1,000  feet  of  No.  7  B.  &  S. 
copper  wire.  Ans.  .5  ohm. 

4.  What  is  the  weight  per  thousand  feet  of  No.  7  B.  &  S.  copper 
wire  ?  Ans.  63.62  lb. 


GERMAN-SILVER  TVIRE. 

3286.  German  silver  is  used  chiefly  in  electrical  instru- 
ments, rheostats,  and  resistance  coils.  It  is  used  for  these 
purposes  on  account  of  its  high  resistance  and  its  small 
temperature  coefficient. 

Its  composition  differs  to  such  an  extent  with  different 
manufacturers,  that  no  reliable  figures  can  be  given  con- 
cerning its  resistance,  conductivity,  and  temperature  coef- 
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ficient.     But  such  figures  should  be  found   by  experiment 
for  the  particular  brand  that  one  is  using. 

The  figures  given  in  this  section  will  be  for  German  silver 
having  the  following  composition: 

Copper -t  parts. 

Nickel 2  parts. 

Zinc 1  part. 

The  weight  of  such  an  alloy  is  530  lb.  per  cubic  foot,  and 
its  specific  gravity  is  8.3.  The  resistance  of  a  prism  one 
meter  long  weighing  one  gram  is  about  1.75  ohms  at  32°  F. 
Its  temperature  coefficient  is  0.000244  for  1°  F. 

German-silver  wire  is  apt  to  become  brittle  with  age,  or 
from  the  effect  of  the  passage  of  a  strong  current,  and  thus 
change  its  resistance. 


3287.  Iron  wire  is  largely  used  for  telegraph  and  tele- 
phone lines,  although  it  is  rapidly  being  replaced  by  copper 
in  long  lines.  It  weighs  483  lb.  per  cubic  foot  and  has  a 
specific  gravity  of  7.73.     A  cubic  inch  weighs  0.28  lb. 

3288.  The  approximate  value  of  the  resistance  per 
mile  of  a  good  quality  of  iron  wire  may  be  determined  from 
the  formula 

^^36M00.         (493.) 

For  steel  wire,  which  is  often  used  in  place  of  iron  wire, 
this  formula  becomes  approximately : 

3289.  It  is  customary  to  take  as  a  standard  in  specify- 
ing quality  of  wire  the  weight  of  a  wire  one  mile  long  and 
of  such  diameter  as  to  have  a  resistance  of  one  ohm.  Such 
a  wire  is  called  a  mile-ohm.  The  weight  of  a  mile-ohm  of 
pure  iron  is  3,990  lb.  at  G0°  F.,  and  the  weight  of  a  mile- 
ohm  of  pure  copper  is  871  lb.  at  the  same  temperature. 
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The  weight  per  mile-ohm  for  any  wire  may  be  found  by 
multiplying  the  resistance  of  a  mile  of  the  wire  by  its  weight 
per  mile. 

3290.  The  weight  per  mile-ohm  of  a  given  grade  of 
wire  is  a  very  convenient  quantity,  as  it  gives  a  direct 
means  of  comparing  the  conductivity  of  that  wire  with  that 
of  pure  metal  or  with  any  other  standard.  Thus,  suppose 
it  is  desired  to  find  the  percentage  of  conductivity  of  a  given 
iron  wire  whose  weight  per  mile-ohm  is  5,323  lb.  as  com- 
pared with  that  of  a  pure  iron  wire  whose  weight  per  mile- 
ohm  is  3,99G  lb.  Since  the  conductivities  of  the  two  wires 
are  to  each  other  inversely  as  their  weights  per  mile-ohm, 
we  may  write 

C^       3,996         ^        3,996       ,^^       ^.  ^^^ 
"  -  -,  or  C  =  ^^-—x  100  =  75.07^, 


100       5,333'  '       5,323 

where  C^  is  the  conductivity  of  the  sample  wire  and  100  is 
the  conductivity  of  the  standard. 

If  we  know  the  weight  per  mile-ohm  for  a  given  grade 
of  wire  and  also  the  resistance  per  mile  of  a  given  size,  the 
weight  per  mile  of  that  size  is  readily  determined  by  divi- 
ding the  weight  per  mile-ohm  by  the  resistance.  Similarly, 
knowing  the  weight  per  mile-ohm  and  the  weight  per  mile 
of  a  given  size  we  may  find  the  resistance  per  mile  by  divi- 
ding the  former  by  the  latter. 

3291.  Galvanizing. — Iron  is  very  susceptible  to  cor- 
rosion, due  to  moisture  and  other  elements  in  the  atmos- 
phere, and  in  order  to  protect  iron  wires  used  for  outdoor 
work  they  are  covered  with  a  thin  film  of  zinc.  This  proc- 
ess is  called  galvanizing.  In  order  to  render  the  surface  of 
the  iron  wire  perfectly  clean,  it  is  drawn  through  a  vat  of 
hydrochloric  acid  while  hot,  and  immediately  afterwards 
through  a  bath  of  molten  zinc,  the  latter  being  kept  at  a 
uniform  temperature  of  740°  F.  by  a  furnace  underneath 
the  containing  vessel. 

The  zinc  coating,  upon  being  exposed  to  the  atmosphere, 
becomes  oxidized,  and  as  oxide  of  zinc  is  not  soluble  in 
water,  it  forms  a  protection  against  moisture.     However, 
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when  the  zinc  is  exposed  to  the  action  of  sulphur  or  chlorine 
from  salt  spray  or  the  acid  gases  in  smoke,  it  is  converted 
into  zinc  chloride  or  sulphate,  which  readily  dissolves  in 
water.  Under  especially  adverse  conditions,  it  is  impossible 
to  make  iron  wire  last  more  than  a  few  years,  and  in  some 
cases  a  few  months,  and  it  is  therefore  desirable  to  use 
copper  wire  in  such  cases,  as  this  is  practically  indestructible. 

3292.  The  various  grades  of  iron  wire  on  the  market 
are  termed  "Extra  Best  Best,"  "Best  Best, "and  "Best." 
A  steel  wire  is  also  used  which  is  cheaper  and  of  higher  re- 
sistance than  iron.  It  has  an  advantage,  however,  of  pos- 
sessing greater  tensile  strength.  It  should  not  be  used 
except  on  short  lines,  or  in  special  cases  where  it  is  desirable 
to  have  great  tensile  strength. 

The  terms  designating  the  grades  are  used  almost  indis- 
criminately, but  among  conscientious  manufacturers  they 
have  approximately  the  following  weights  per  mile-ohm : 

Extra  Best  Best 4,700 

Best  Best 5,500 

Best 6,000 

Steel 6,500 

3293.  In  view  of  the  fact  that  the  film  of  zinc  is  often 
so  thin  or  so  uneven  as  not  to  be  effective  in  producing  the 
desired  results,  it  is  always  an  important  matter  to  test  the 
galvanizing  before  accepting  any  large  quantity  of  wire. 
For  this  purpose  several  samples  of  the  wire  should  be  taken 
at  random  and  immersed  in  a  saturated  solution  of  copper 
sulphate  for  one  minute.  They  should  then  be  wiped  dry  and 
clean  and  the  operation  repeated  four  times.  If  at  the  end 
of  the  fourth  immersion  there  is  no  appearance  of  a  copper 
deposit  on  the  wire,  the  wire  remaining  blacky  as  after  the 
first  immersion,  the  sample  is  well  galvanized.  If,  however, 
a  deposit  of  copper  does  appear  on  the  wire  it  is  a  sign  that 
the  zinc  has  been  entirely  removed,  by  combining  with  the 
sulphuric  acid  of  the  solution  to  form  zinc  sulphate.  In 
this  case  the  wire  should  be  rejected,  as  it  shows  that  the 
zinc  coating  is  not  thick  enough. 
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3294.  The  following  table  gives  the  sizes  and  principal 
properties  of  three  grades  of  galvanized  iron  wire.  The 
sizes  are  according  to  the  Birmingham  Wire  Gauge,  which 
is  most  commonly  used  in  connection  with  iron  wire. 

TABLE   103. 
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"3  -.• 

b  II 
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Weight  in 
Pounds. 

Breaking 

Strengths  in 

Pounds. 

Resistance  per 

Mile. 

S 

12; 

1,000 
Feet. 

One 

Mile. 

Iron. 

steel. 

E.  B.  B. 

B.  B. 

Steel. 

0 

340 

115,600 

304.0 

1,607 

4,821 

9,079 

2.93 

3.42 

4.05 

1 

300 

90,000 

237.0 

1,251 

3,753 

7,068 

3.76 

4.40 

5.20 

2 

284 

80,656 

212.0 

1,121 

3,363 

6,335 

4.19 

4.91 

5.80 

3 

259 

67,081 

177.0 

932 

2,796 

5,268 

5.04 

5.90 

6.97 

4 

238 

56,644 

149.0 

787 

2,361 

4,449 

5.97 

6.99 

8.26 

5 

220 

48,400 

127.0 

673 

2,019 

3,801 

4.99 

8.18 

9.66 

6 

203 

41,209 

109.0 

573 

1,719 

3,237 

8.21 

9.60 

11.35 

7 

180 

32,400 

85.0 

450 

1,350 

2,545 

10.44 

12.21 

14.43 

8 

165 

27,225 

72.0 

378 

1,134 

2,138 

12.42 

14.53 

17.18 

9 

148 

21,904 

58.0 

305 

915 

1,720 

15.44 

18.06 

21.35 

10 

134 

17,956 

47.0 

250 

750 

1,410 

18.83 

22.04 

26.04 

11 

120 

14,400 

38.0 

200 

600 

1,181 

23.48 

27.48 

32.47 

12 

109 

11,881 

31.0 

165 

495 

933 

28.46 

33.30 

39.36 

13 

95 

9,025 

24.0 

125 

375 

709 

37.47 

43.85 

51.82 

14 

83 

6,889 

18.0 

96 

288 

541 

29.08 

57.44 

67.88 

15 

72 

5,184 

13.7 

72 

216 

407 

65.23 

76.33 

90.21 

16 

65 

4,225 

11.1 

59 

177 

332 

80.03 

93.66 

110.70 

17 

58 

3,364 

8.9 

47 

141 

264 

100.50 

120.40 

139.00 

18 

49 

2,401 

6.3 

33 

,   99 

189 

140.80 

164.80 

194.80 

3295.  Table  104  contains  the  results  of  tests  of  cer- 
tain samples  of  wire  of  American  manufacture. 

The  column  headed  "Percentage  Conductivity  "  gives  the 
percentages  which  the  conductivities  of  the  various  samples 
bear  to  the  conductivity  of  pure  copper. 

"Percentage  of  Elongation  "  means  the  percentage  of  the 
length  a  wire  will  elongate  before  breaking. 

The  column  headed  "Relative  Breaking  Stress"  gives  the 
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number  of  feet  of  its  own  length  that  each  sample  would  be 
able  to  sustain, 

TABLE   104. 


Mechanical. 

Elect 

rical. 

5    • 

tt  « 

u    be 
u    3 

so 

eg" 

G 

li 

Pi 

11 

S  o 
3    *. 

Actual  Breaking 
Stress  in  Pounds. 

Hi 

c 

i  i 

PS    o 

>  m 

13 

o 

3 

•a 

c 
o 

M  > 
5  ~ 

c   ~' 

4) 

O 

u 

u 

a. 

.2  O 
Si 

E.  B.  B.  12 

190.83 

11.50 

15.00 

417.50 

11,552.20 

1440 

30.50 

E.  B.  B.    8 

381.66 

17.70 

26.50 

937.50 

12,930.50 

17.30 

12.67 

E.  B.  B.  11 

222.64 

17.20 

21.50 

577.50 

13,639.40 

15.60 

24.20 

,5.    9i 

282.80 

10.00 

26.50 

770.00 

14,375.90 

21.90 

16.10 

E.  B.  B.  10 

254.44 

17.70 

28.50 

697.50 

14,478.10 

17.80 

18.42 

,..9i 

287.50 

16.00 

29.00 

832.50 

15,288.86 

21.90 

16.10 

E.  B.  B.  6 

508.88 

11.40 

21.50 

1.587.50 

16.462.40 

17.70 

9.21 

E.  B.  B.  9 

318.05 

19.30 

17.50 

1,007.50 

16,725.10 

16.90 

15.54 

Nashua  8 

381.66 

15.10 

26.50 

1,535.00 

21,183.00 

14.70 

15.00 

M.  S.  plain  6 

528.00 

10.40 

19.50 

2,137.50 

21,375.00 

13.50 

11.78 

.«8 

378.10 

10.00 

31.00 

1,635.00 

22,301.40 

16.50 

16.10 

A.  H.  9i 

293.50 

16.00 

27.50 

1,257.50 

22,635.00 

15.10 

22.70 

3296.  The  wires  for  use  on  telegraph  and  telephone 
lines  should  be  capable  of  elongating  at  least  15  per  cent, 
before  breaking,  and  the  breaking  stress  should  not  be  less 
than  two  and  one-half  times  its  weight  per  mile.  It  should 
also  be  able  to  bear  not  less  than  15  complete  twists  in  a 
length  of  6  inches  without  breaking. 

By  referring  to  Tables  103  and  104,  it  will  be  seen  that  the 
wires  which  bear  the  greatest  tensile  strain  have  the  poorest 
conductivity.  

IXSULATED    CONDUCTORS. 

3297.  Insulated  wire  is  used  in  all  cases  where  the 
conductor  must  lie  in  close  proximity  to  the  walls,  ceilings, 
or  floors  of  buildings,  and  in  all  places  where  there  is  a  pos- 
sibility of  accidental  contact  with  other  conductors  or  with 
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the  ground.  It  is  also  of  great  importance  to  protect  all 
exposed  conductors  with  a  coating  of  some  insulating 
material,  so  that  the  circuits  of  which  they  form  a  part  may 
not  prove  dangerous  to  life. 

Wire  is  usually  insulated  with  some  hard  braid  covering, 
composed  of  either  cotton  or  hemp  woven  upon  the  wire 
and  saturated  with  some  compound  of  India  rubber,  pitch, 
tar,  or  resin.  The  thickness  of  this  covering  is  dependent 
upon  the  electrical  pressure  the  wire  will  be  subjected  to, 
and  is  furnished  according  to  such  specifications  by  the 
manufacturers. 


STRANDED  CONDUCTORS. 

3298.  The  maximum  diameter  of  solid  wire  in  com- 
mon use  in  this  country  is  .46  inch,  equivalent  to  a  No. 
0000  B.  &  S.  gauge  wire.  Such  wires  are  very  difficult  to 
handle,  and  to  obtain  the  necessary  flexibility,  conductors 
are  often  built  up  of  a  great  number  of  smaller  wires. 
Such  conductors  are  usually  termed  stranded  cables. 

3299.  Stranded  cables  are  from  10  to  15  per  cent,  more 
expensive  than  solid  wires.  Owing  to  the  spiral  arrange- 
ment of  the  strands,  there  is  from  1  to  3  per  cent,  more 
metal  per  unit  of  cross-section  and  length  than  in  a  solid 
conductor  of  equal  resistance. 

The  use  of  flexible  cables  may  be  avoided  by  stringing  the 
necessary  number  of  smaller  separate  wires  and  joining 
them  in  multiple,  in  order  to  make  up  the  required  copper 
cross-section. 

In  Table  105  is  shown  the  equivalents  for  such  use. 

Example. — A  certain  circuit  requires  a  conductor  having  a  cross- 
section  of  copper  equivalent  to  a  No.  00  B.  &  S.  copper  wire.  A  No. 
00  wire  is,  however,  found  too  difficult  to  handle.  What  sizes  can  be 
substituted  ? 

Solution. — Referring  to  Table  10.5,  it  is  seen  that  any  one  of  the 
following  combinations  may  be  used:  2  No.  2;  4  No.  5;  8  No.  8;  16  No. 
11 :  32  No.  14,  or  64  No.  17. 
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EQUIVALENTS    OF    WIRES. 


0000 

2-0 

4-3 

8-6 

16-9 

32-12 

64-15 

000 

2-1 

4-4 

8-7 

16-10 

32-13 

G4-16 

00 

2-2 

4-5 

8-8 

16-11 

32-14 

64-17 

0 

2-3 

4-6 

8-9 

16-12 

32-15 

1 

2-4 

4-7 

8-10 

16-13 

32-16 

2 

2-5 

4-8 

8-11 

16-14 

32-17 

3 

2-6 

4-9 

8-12 

1&-15 

32-18 

4 

2-7 

4-10 

8-13 

16-16 

5 

2-8 

4-11 

8-14 

16-17 

6 

2-9 

4-12 

8-15 

16-18 

7 

2-10 

4-13 

8-16 

8 

2-11 

4-14 

8-n 

9 

2-12 

4-15 

8-18 

10 

2-13 

4-16 

11 

2-14 

4-17 

12 

2-15 

4-18 

13 

2-16 

4-19 

14 

2-17 

15 

2-18 

16 

2-19 

PERCENTAGE  CONDUCTIVITY. 

3300.     To  find  the  percentage  conductivity  of  a  con- 
ductor, we  may  proceed  as  follows: 

Let  R  =  the  resistance  per  grain-foot  of  a  pure  metal  wire 
at  a  temperature  /,  from  the  tables; 

L  =  the  length  of  the  wire  to  be  tested; 

Xi>  =  weight  of  the  wire  to  be  tested ; 

r'  =  the  calculated  resistance  in  ohms  of  a  puj-e  metal 
wire  of  the  same  weight,  length,  and  temperature : 

r'  =-.  the  observed  resistance  in  ohms  of  the  wire  to  be 
tested. 
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The  resistance  of  a  pure  wire  of  length  L  and  one  grain 
weight  per  unit  length  is  L  R,  and  the  resistance  of  a  wire 

of  the  same  length  but  of  a  weight  per  unit  length  of  -^  is 
•     ^^      ^'^  (495.) 


w 

T 


w 


X  :  100  ::  r'  :  r"  where  x  is  the  percentage  conductivity. 

r' 


Therefore, 


X  =  100 


(496.) 


3301.  To  find  the  weight  per  unit  length  of  a  wire, 
several  pieces  are  cut  oflf  as  nearly  to  one  foot  in  length  as 
possible.  These  are  each  carefully  weighed  in  scales  of  suf- 
ficient accuracy  to  read  in  grains,  and  the  average  is  taken 
as  the  weight  per  foot. 

If  but  a  short  piece  of  the  wire  can  be  obtained,  its  resist- 
ance may  be  measured  by  a  Weston  ammeter  and  millivolt- 
meter  (see  Fig.  1032),  while  its  temperature  is  ascertained 
by  a  thermometer.  The  resistance  of  this  piece  is  divided 
by  its  length  in  feet  to  obtain  the  average  resistance  per  foot. 


Fig.  1215. 

3302.  Another  method  for  finding  the  resistance  per 
foot  of  a  low-resistance  metal  is  shown  in  Fig.  1215.  In  this 
test  a  millivoltmeter  is  the  only  measuring  instrument  used. 
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This  millivoltmeter,  if  the  scale  be  proportional,  need  not  be 
accurate,  as  only  proportional  deflections  are  required. 

The  low  resistance  to  be  measured  is  shown  at  a  b^  the 
voltmeter  at  v,  and  ^  is  a  four-way  switch. 

The  switch  k  may  make  contact  either  with  the  points  s 
and  /,  in  which  position  the  millivoltmeter  is  connected  to 
the  terminals  oi  a  b\  or  with  x  andj,  in  which  case  the 
millivoltmeter  is  connected  to  the  terminals  of  c  d. 

A  current  strong  enough  to  give  a  moderately  large 
deflection  on  the  millivoltmeter  is  sent  from  any  constant 
source  through  a  b  and  c  dm.  series.  The  deflections  are 
noted  when  the  instrument  is  connected  with  a  b  and  with 
c  d.  Let  D  be  the  deflection  on  a  b,  and  D'  be  the  deflec- 
tion on  c  d.  Let  R'  be  the  resistance  of  the  standard  and 
R  that  of  the  metal  to  be  measured.     Then, 

R^_D_ 
R'~  D'* 

or  R  =  ^R'.  (497.) 

A  standard  resistance  for  this  purpose  may  be  constructed 
as  follows : 

The  length  of  a  long  German-silver  wire  is  so  adjusted 
by  means  of  a  Wheatstone  bridge  that  its  resistance  is  equal 
to  the  desired  resistance  of  the  standard  multiplied  by  the 
square  of  some  whole  number.  This  wire  is  then  cut  into 
equal  parts,  equal  in  number  to  the  whole  number.  These 
parts  are  then  soldered  in  parallel  between  two  copper  bars 
c  and  d^  as  shown  in  the  figure.  The  resistance  between  the 
bars  will  then  be  the  standard  desired. 

We  may  demonstrate  the  correctness  of  this  method  of 
constructing  the  standard  as  follows: 

Let  r  be  the  desired  standard  resistance  in  ohms,  and  // 
the  whole  number  chosen.  According  to  rule,  the  resistance 
R  of  the  long  German-silver  wire  is  taken  as 

M.  /;.    /v.— 5 
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When  we  cut  the  long  wire  into  n  equal  parts,  each  part 

alone  will  have  a  resistance  equal  to  —  =:  n  r. 

n 

If,  now,  we  place  these  ;/  equal  parts  in  multiple,  the  total 

resistance  will  again  be  divided  by  «,  and  will  be 

|  =  r,  (498.) 

which  is  the  desired  resistance. 

Example. — A  copper  wire  was  tested  for  percentage  conductivity. 
It  was  found  to  weigh  220  grains  per  foot.  The  resistance  of  1  foot 
was  found  by  the  method  shown  in  Fig.  1215,  with  a  standard  resist- 
ance of  0.00021  ohm.  The  deflection  at  the  standard  resistance  was 
6  scale  divisions,  and  that  at  the  wire  was  30  scale  divisions,  while  the 
temperature  of  the  wire  was  77"  F.  What  was  the  percentage  con- 
ductivity ? 

Solution. — Using  formula  497, 

i?  =  ^  X  .00021  =  0.00105  ohm. 

D 

From  Table  101  the  resistance  of  1  foot  of  pure  copper  wire  weigh- 
ing 1  grain  at  77°  F.  is  0.2271  B.  A.  ohm.  Multiplying  by  0.9889,  we 
obtain  0.22457  legal  ohm. 

Using  formula  495, 

-'=^^^?^S^  =  0.00102  ohm. 
Using  formula  496, 

^^.      0.00102      „_  .,  A     ^-   -^  A 

X  =  100  X     ^^-.  ^-  =  97. 14  percentage  conductivity.      Ans. 


EXAMPLES   FOR   PRACTICE. 

1.  About  what  is  the  resistance  per  mile  of  a  good  quality  of  galvan- 
ized iron  wire  189  mils  in  diameter  ?  Ans.  10.0781  ohms. 

2.  A  copper  wire  was  tested  for  percentage  conductivity.  It  was 
found  to  weigh  125  grains  per  foot.  The  resistance  of  1  foot  was 
found  by  the  use  of  a  standard  resistance  of  0.00021  ohm.  The  deflec- 
tion at  the  standard  resistance  was  5  scale  divisions  and  that  at  the 
wire  was  42  divisions.  The  temperature  was  59°  F.  What  was  the 
percentage  conductivity  ?  Ans.  98^. 
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DROP    OF   POTENTIAL    AND    LINE    LOSS. 


DIRECT-CURRENT  CIRCUITS. 

3303.  When  a  quantity  of  water  is  forced  through  a 
hollow  tube  (as  in  the  case  of  a  pipe  or  other  conductor)  at 
a  certain  initial  pressure,  a  fall  of  pressure  can  be  observed 
all  along  the  length  of  the  tube.  This  fall,  or  drop,  of  pres- 
sure is  mainly  due  to  the  friction  the  inner  walls  of  the  tube 
offer  to  the  even  flow  of  the  water.  The  result  of  this 
drop  is  a  perceptible  difference  between  the  pressure  at  the 
end  of  the  pipe  and  that  at  the  beginning. 

Assuming  the  initial  pressure  in  such  a  system  to  be  100 
pounds  per  square  inch,  and  the  final  pressure  of  the  water, 
as  it  leaves  the  pipe,  95  pounds  per  square  inch,  the  drop 
through  the  entire  length  of  the  piping  is  100  —  95  =  5  lb. 

This  fall  of  pressure  is  a  direct  and  unavoidable  loss.  It 
is,  of  course,  clear  that  the  loss  may  be  reduced  by  shorten- 
ing the  length  of  the  pipe  or  increasing  its  diameter;  but 
wherever  power  is  transmitted,  a  certain  loss  must  occur  in 
the  transmission. 

The  various  relations  given  above  for  the  flow  of  water 
can  at  once  be  applied  to  what  is  termed  the  flow  of  elec- 
tricity, that  is,  the  passage  of  an  electric  current  through 
a  conductor. 

Whenever  such  a  current  of  a  certain  pressure  or  voltage 
flows  through  a  conductor,  a  certain  percentage  of  this  volt- 
age is  lost  in  transit.  This  loss  is  generally  spoken  of  as 
the  drop  of  potential  along  the  line.  This  drop  is 
directly  proportional  to  the  resistance  of  the  line  and  to  the 
amount  of  current  transmitted,  in  exactly  the  same  way  as 
the  drop  of  water  pressure  is  proportional  to  the  amount  of 
water  transmitted  and  to  the  diameter  of  the  pipe.  This 
relation  will  be  made  clear  by  a  consideration  of  Ohm's  law. 
Assume  the  potential  at  two  points  on  a  conductor  in  which 
a  current  is  flowing  to  be  e  and  /,  respectively.  Call  the 
difference  between  the  potential  of  these  points  E. 

Then,  B  =  e—e'  =  drop. 
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We  know  that  the  current  flowing  between  these  points 
will  be 

where  R  is  the  resistance  of  the  conductor  between  them. 
From  this  we  obtain 

E  =  RC,  (499.) 

and  ^  =  §••  (500.) 

Rule. — Drop  in  potential  =  airrent  transmitted  X  resist- 
ance. 

From  this  formula  it  is  seen  that  the  loss  of  potential  is 
greater  the  more  current  there  is  to  transmit  and  the  higher 
the  resistance  of  the  conductor.  This  makes  it  self-evident 
that  to  have  a  small  loss  in  transmitting  a  certain  current, 
a  path  of  low  resistance  must  be  given,  the  current,  or,  in 
other  words,  a  conductor  of  ample  cross-section  and  con- 
ductivity must  be  provided. 

3304.  A  conductor  which  shall  cause  no  loss  whatever 
is,  of  course,  an  impossibility.  It  is  possible,  however,  to 
make  the  loss  almost  as  small  as  w  e  please,  by  using  conduct- 
ors of  sufficient  diameter,  but  th  i  gain  in  efficiency  is  soon 
overbalanced  by  the  great  cost  of  the  conductor,  and  there- 
fore, in  practice,  conductors  are  ;hosen  which  will  cause  a 
certain  allozvable  loss.  This  los^  is  usually  given  as  a  cer- 
tain percentage  of  the  electrical  pressure  or  voltage  of  the 
circuit. 

Thus,  if  a  dynamo  is  supplying  incandescent  lamps  with 
a  125-volt  current,  and  the  wires  or  conductors  leading  to 
the  lamps  have  a  resistance  which  causes  a  loss  of  5  per 
cent,  during  the  transmission  of  the  total  energy,  the  gen- 
erator pressure,  it  is  clear,  will  have  dropped  5  per  cent,  at 
the  end  of  the  line.      Five  per  cent,  of  125  =  G.25  volts. 

Hence,  the  lamps  at  the  end  of  the  line  will  receive  only 
125  —  6.25  =  118.75  volts,  although  the  pressure  at  the  gen- 
erator terminals  is  125  volts. 
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Rule. —  The  fall  of  potential,  or  drop,  in  a  circuit  of  uni- 
form resistance  through  which  a  constant  current  is  flowing 
is  uniforvi. 

Let  Fig.  1216  represent  a  wire  of  one  thickness  from  the 
-}-  to  the  —  terminals  of  the  circuit  and  let  a  pressure  of 
100  volts  be  acting  on  ap  yp  ^  gp  ip^^ 
the   circuit.      Then,   if       /"      '            '  ' 

the   circuit  be   divided     ^ 
into  10  equal  parts   of 
equal    resistance,   each       ^^ . ■  ?— * 

^         -      ,  .,,  40  30  20  10  0 

one  or  these  parts  will  fig.  k'ig. 

cause  a   drop  of   10  volts,  that   is,  one-tenth   of  the   total 
drop,  and  the  fall  of  potential  will  be  gradual  and  uniform. 

If,  however,  the  resistance  of  the  circuit  is  not  uniform, 
that  is,  if  it  can  not  be  divided  up  into  equal  parts  of  equal 
resistance,  the  drop  will  also  be  uneven,  and  it  will  be 
greatest  in  that  part  of  the  circuit  which  offers  the  greatest 
resistance.     It  follows  directly  from  formula  499  that : 

Rule. — The  drop  in  any  part  of  a  circuit  is  directly  pro- 
portional to  the  resistance  of  that  part. 

Example. — Fig.  1217  represents  a  series  circuit  containing  three 
'  h  lamps  /  of  50  ohms  resistance 

M WmtAi ^    each,   one  electric  heater   A 

of  20  ohms,  and  one  smaller 
electric  heater  A'  of  10  ohms, 
besides  the  resistance  of  the 
conductors  connecting  them 

„ ?  J.  J    to  each  other  and  to  the  gen- 

-i^ MWyWV ^ erator.  This  latter  resistance 

Fig.  1217.  is  assumed  to  be  1  ohm.    The 

following  determinations  are  to  be  made: 
(a)  The  total  resistance  of  the  circuit. 

(A)  The  voltage  required  to  force  2  amperes  through  this  total 
resistance. 

(c)  The  drop  around  each  element  of  the  circuit. 
Solution. — {a)  The  total  resistance  of  the  circuit  is  equal  to  the 
sum  of  its  parts;  hence. 

Resistance  of  conductors —      1  ohm 

Resistance  of  3  lamps  at  50  ohms  each =  150  ohms 

Resistance  of  1  heater =    20  ohms 

Resistance  of  1  heater =    10  ohms 

Total  resistance =181  ohms 
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{b)  Voltage  =  current  X  resistance ;  hence,  voltage  =  3  X  181  =  362 
volts ;  or,  in  other  words,  363  volts  will  be  required  to  force  3  amperes 
through  the  circuit  of  181  ohms  resistance. 

{c)  According  to  rule  in  Art.  3303, 

Drop  due  to  conductors =    1X3=      3  volts 

Drop  due  to  each  lamp =  50  X  3  =  100  volts 

Drop  due  to  30-ohm  heater =  30  X  2  =:    40  volts 

Drop  due  to  10-ohm  heater =10x2=    30  volts 

In  the  example  we  see  that  a  drop  of  2  volts  has  occurred 
in  the  conductors.  This  is,  of  course,  not  desired,  and  may- 
be considered  a  wasteful  drop  in  comparison  with  the  other 
various  drops,  which  result  in  the  giving  out  of  useful  light 
and  heat,  or  of  power,  where  motors  are  used  in  the  circuit. 

In  laying  out  a  system  of  wiring  a  certain  allowable  per- 
centage is  decided  upon  in  advance.  The  following  figures 
should  not  be  exceeded:  For  isolated  plants,  5  percent.; 
for  central  stations,  10  per  cent. ;  for  long-distance  trans- 
mission, the  drop  may  range  anywhere  from  10  to  GO  per 
cent.,  depending  on  the  distance  of  transmission  and  on  the 
cost  of  generating  the  power. 


ENERGY  LOSS   IN  CONDUCTORS. 

3305.  The  total  energy  in  the  example  above,  Art. 
3304,  is  given  in  watts  by  the  product  of  volts  and 
amperes,  or 

Total  watts =  362  X  2  =  724  watts 

Watts  per  lamp =  100  X  2  =  200  watts 

Watts  for  large  heater =    40  X  2  =    80  watts 

Watts  for  small  heater =    20  X  2  =:    40  watts 

Watts  for  conductors =      2x2=      4  watts 

The  watts  of  electrical  energy  used  in  the  conductors  are 
considered  a  loss,  and  this  loss  is  usually  expressed  as  a 
certain  percentage  of  the  total  energy.  In  this  particular 
case  the  loss  is  very  slight,  being  4  -^  724  =  .0055,  or  about 
-|-  of  1  per  cent,  of  the  total  energy. 

Had  the  conductor  been  of  smaller  cross-section,  the 
resistance  would   have  been  greater,   and  the    energy    loss 
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would  have  been  greater  proportionally.  From  this  it  will 
appear  evident  how  the  sizes  of  wire  for  certain  percentages 
of  loss  may  be  determined. 

3306.  C»  R  Loss. — The  energy  loss  in  a  conductor  may 
also  be  expressed  in  terms  of  the  current  flowing  and  the 
resistance  of  the  conductor,  as  follows: 

Rule. —  The  loss  of  energy  in  a  coiiductor  expressed  in  watts 
is  equal  to  the  square  of  the  current  in  amperes  multiplied  by 
the  resistance  of  the  conductor  in  ohms. 

This  loss  of  energy  is  called  the  C*  R  loss,  and  since  it  is 
spent  entirely  in  the  conductor  itself,  without  doing  any 
mechanical  work,  it  is  dissipated  in  heat.  The  truth  of  the 
above  rule  may  be  easily  demonstrated. 

E 
We  know  that  {7=  -75-,  or  E  =  C R,  and  also  that  U  —  E  C^ 
K 

where  W  represents  the  energy  in  watts  and  d7,  E,  and  R 

have  their  usual  significance. 

Substituting  the  value  of  E  in  the  last  equation,  we  obtain 
directly 

W^  CRxC=C'R.  (501.) 

3307.  Determination  of  Size  of  Conductor  for 
Certain  Percentage  of  Loss. — If  we  know  the  current 
to  be  carried  in  a  given  circuit,  we  may  calculate  the  re- 
sistance the  wires  should  have  in  order  to  produce  a  given 

E 
percentage  drop  from  formula  500,  R  =  j^. 

Example. — A  motor  requiring  10  amperes  is  located  600  feet  from 
the  generator  which  supplies  current  at  110  volts.  What  size  of  wire 
must  be  used,  allowing  for  a  drop  of  8  per  cent,  in  the  line  ? 

Solution.— 8jf  of  110  =  8.8  =  drop  E. 
/?  =  ^  =  .88  ohm. 

-Since  the  total  length  of  the  circuit  is  2  x  600  feet  =  1,200  feet,  the 

88 
wire  must  have  a  resistance  of  "-—  =  .733  ohm  per  1,000  feet. 

l.A 
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Referring  to  column  6  of  Table  98,  we  find  that  the  nearest  size  of 
wire  to  the  one  required  is  a  No.  8  B.  &  S.  having  a  resistance  of  .625 
ohm  per  1,000  feet.     A  No.  8  B.  &  S.  should  therefore  be  used.     Ans. 

Example. — A  direct-current  transmission  line  6  miles  long  suppli.es 
a  total  current  of  200  amperes  at  an  initial  pressure  of  5,000  volts,  for 
lighting  and  power  purposes.  The  line-wire  is  a  No.  2  B.  &  S.  gauge 
copper.     What  is  the  drop  percentage  ? 

Solution. — The  resistance  per  1,000  feet  of  No.  2  B.  &  S.  copper 

wire  is,  from  Table  98,  .163  ohm.     The  total  resistance  of  the  line  will 

^,        .        .      2X6X5,280X.163      .„  _„    , 
therefore  be  — =  10.327  ohms. 

E=CJ?  =  200X  10.327  =  2,065.4  volts. 

2  065  4 
Percentage  of  total  voltage  =    ^     ^  X  100  =  41^.     Ans. 

3308.  When  the  loss  in  a  circuit  is  given  as  a  per- 
centage, it  must  be  remembered  that  this  is  not  to  be 
taken  as  applying  to  the  voltage  at  the  receiving  end  of 
the  line  but  at  the  dynamo  or  switchboard. 

Let    F=  voltage  at  dynamo; 

J^'=  voltage  at  the  receiving  end  of  line; 

p  =  percentage  of  loss; 

£  =  actual  drop  on  line  in  volts. 

Then,  £=mr_-V'.  (502.) 

Example. — What  is  the  actual  drop  in  volts  on  a  lighting  circuit  for 
llO-volt  lamps  when  the  per  cent,  loss  is  3  ? 

Solution. — In  this  case  V'=  110;  /  =  3.  Then,  by  formula  502, 
the  actual  drop  in  volts 

„      100x110       .,,.      „,       ,^         . 
A  = ^ 110  =  3.4  volts.     Ans. 


SAFE    CARRYING    CAPACITY    OF    CONDUCTORS. 

3309.  The  amount  of  current  which  a  wire  may  carry 
in  practice  is  limited  by  the  temperature  which  it  will 
acquire  by  the  passage  of  such  current.  The  insurance 
corporations  of  this  country  have  decided  that  the  tem- 
perature of  a  wire  carrying  current  should  never  exceed 
10°  C,  or  18°  F.,  above  the  surrounding  air. 
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Though  this  limit  is  often  exceeded  in  practice,  it  is  the 
standard  for  good  work,  and  the  following  table,  therefore, 
gives  the  amount  of  current  in  amperes  that  a  wire  under 
certain  conditions  may  carry  without  having  its  tempera- 
ture raised  beyond  the  limit. 

TABLE    106. 


1 

1    Number 

Number 

Amperes. 

in 
B.  &S. 

Circular 
Mils. 

Amperes. 

in 
B.  &S. 

Circular 
Mils. 

1,000.00 

.... 

2,160,900 

61.00 

3 

52,634 

900.00 

1,876,900 

52.00 

4 

41,742 

800.00 

1,612,900 

43.00 

5 

33,102 

700.00 

1,345,600 

36.00 

6 

26,244 

600.00 

1,100,401 

30.00 

7 

20,822 

550.00  i 

976,144 

25.00 

8 

16,512 

500.00  1 

861,184 

22.00 

9 

13,110 

475.00 

804,609 

18.00 

10 

10,381 

450.00  ■. 

748,225 

15.00 

11 

8,226 

425.00  ! 

692,224 

12.00 

12 

6,528 

400.00  1 

640,000 

10.50 

13 

5,184 

375.00  1 

586,756 

9.00 

14 

4,110 

350.00 

535,824 

7.25 

15 

3,260 

325.00 

486,809 

6.00 

16 

2,581 

300.00       . 

435,600 

5.50 

17 

2,044 

275.00 

388,129 

4.00 

18 

1,624 

250.00 

342,225 

3.25 

19 

1,253 

225.00 

297,025 

2.75 

20 

1,024 

200.00 

254,016 

2.25 

21 

820 

174.00 

0000 

211,600 

2.00 

22 

626 

147.00 

000 

167,805 

1.75 

23 

510 

124.00 

00 

133,079 

1.50 

24 

404 

103.00 

0 

105,592 

1.25 

25 

320 

87.00 

1             83,694 

1.00 

26 

254 

73.00 

2             66,373 
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33  lO.  Determination  of  Conductor  Dependent 
Upon  Two  Factors. — In  calculating  conductors  for  a 
certain  percentage  of  energy  loss,  it  very  often  happens 
that  the  wire  which  will  give  the  particular  energy  loss 
specified  may  yet  be  too  small  to  carry  the  current  of  that 
circuit  without  being  excessively  heated.  It  is  therefore 
necessary  at  all  times,  in  determining  such  a  conductor,  to 
heed  the  following  rule  : 

Rule. — Find  the  proper  size  of  wire  according  to  Art. 
3307  for  allowable  loss;  then  determine  by  Table  106 
tvJicthcr  the  tvire  has  the  necessary  carrying  capacity.  If 
it  has  not  the  requisite  capacity,  select  a  larger  wire  which 
will  fulfil  this  condition. 

Example. — A  dynamo  supplies  200  amperes  of  current  to  a  line  at  a 
pressure  of  62|  volts.  The  double  length  of  the  line  is  800  feet,  and  a 
line  loss  of  20^  is  to  be  allowed.  What  should  be  the  size  of  the  con- 
ductor ? 

Solution. — First  Calculation  : 

Drop  =  20jg  of  62.0     =12.5  volts. 

12  5 
Lme  resistance  =  R  =  --—-  =  .0625  ohm. 

The  resistance  per  1,000  feet  of  the  wire  to  be  used  should  be 

■-^  X  1,000  =  .0781  ohm. 

The  nearest  size  to  this,  according  to  Table  98,  is  No.  00  B.  &  S.  gauge. 

Referring  to  Table  106,  it  is  seen  that  a  No.  00  wire  will  carry  only 
124  amperes  safely.  The  calculation  must  accordingly  be  made  again 
and  a  smaller  energy  loss  allowed,  thus  increasing  the  size  of  the  wire. 

Second  Calculation  :  We  might  assume  a  lower  loss,  say  10  per  cent., 
and  repeat  the  above  calculation,  but  by  referring  to  Table  106,  we  find 
that  a  conductor  having  a  cross-section  of  254,016  circular  mils  will 
safely  carry  the  required  current.  As  often  occurs  in  practice,  how- 
ever, a  few  degrees  more  of  heating  is  assumed  safe,  and  in  this  case  a 
No.  0000  B.  &  S.  wire  is  selected  instead  of  a  proportionately  much 
more  expensive  cable  of  254,000  circular  mils  cross-section.  Accord- 
ing to  Table  98,  the  resistance  of  No.  0000  B.  &  S.  =  .051  ohm  per 
1,000  feet.  Hence,  resistance  per  foot  =  .000051,  and  for  800  feet 
(specified  as  the  total  length  of  conductor)  the  resistance  =  800  X 
.000051  =  .0408  ohm. 

Line  drop  =  200  X  -0408  =  8.16  volts. 

Percentage  drop  =  ^^  x  100  =  13jt 
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Hence,  the  use  of  a  No.  0000  B.  &  S.  gauge  wire  will  give  a  13;?  line  loss 
and  allow  the  required  carrying  capacity.     Ans. 


CHOICE    OF    METHOD. 

3311.  In  distributing  electrical  energy,  the  choice  of 
method  lies  between  the  use  of  direct  and  alternating  cur- 
rents. Direct  currents  are  those  which  flow  continually  in 
one  direction,  while  alternating  currents  are  those  which 
are  constantly  changing  in  the  direction  of  their  flow.  A 
direct  current  maintains  a  constant  value  as  long  as  the 
electromotive  force  and  the  resistance  of  the  circuit  are  con- 
stant. An  alternating  current,  however,  starts,  we  will  say, 
at  a  zero  value,  increases  to  a  maximum  in  a  positive  direc- 
tion, then  diminishes,  through  zero,  to  a  minimum  in  a  nega- 
tive direction,  when  it  again  increases  to  zero.  This  cycle 
of  changes  is  repeated  many  times  per  second,  and  the  time 
occupied  in  one  complete  cycle  is  called  the  period  of  the 
wave.  The  number  of  periods,  or  double  reversals,  taking 
place  in  one  second  is  called  Xh^  frequency. 

3312.  The  great  argument  in  favor  of  the  alternating 
current  is  that  it  may  readily  be  transformed  from  a  lower 
to  a  higher  voltage,  or  vice  versa^  by  the  methods  described 
in  Arts.  2452  to  2456,  inclusive.  The  apparatus  for 
accomplishing  this  transformation  is  called  a  transformer, 
and  its  action  is  precisely  the  same  as  that  of  the  induction- 
coil.     Arts.  2455  and  2456. 

3313.  A  transformer  is  a  peculiar  form  of  induction- 
coil,  consisting  of  two  windings  of  wire,  a  primary  and  a  sec- 
ondary, closely  associated  with,  but  entirely  insulated  from, 
each  other.  These  are  laid  side  by  side  and  surrounded  by 
a  mass  of  laminated  iron,  so  as  to  increase  to  as  great  an 
extent  as  possible  the  number  of  lines  of  force  set  up  by  a 
given  amount  of  current.  The  coils  and  iron  are  so  located 
with  lespect  to  each  other  that  all  the  lines  of  force  due  to  a 
current  in  one  of  the  coils  will  pass  through  the  other  coil. 
It  is  therefore  obvious,  from  the  laws  of  electromagnetic 
induction,  Arts.  2452  and  2454,  that  any  change  in  the 
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current  flowing  in  the  primary  winding  will  induce  similar 
currents  in  the  secondary  winding.  If  there  is  an  equal 
number  of  turns  in  the  primary  and  secondary,  the  induced 
voltage  will  be  equal  to  that  of  the  primary ;  but  if  the  sec- 
ondary has  a  greater  or  a  less  number  of  turns,  then  the 
induced  voltage  will  be  greater  or  less  in  the  same  ratio. 
Thus,  if  a  transformer  has  100  turns  in  its  primary  and  2,000 
in  its  secondary,  and  an  alternating  current  at  a  pressure  of 
50  volts  be  sent  through  the  primary,  the  induced  pressure 
in  the  secondary  will  be  1,000  volts;  and,  since  the  product 
of  the  volts  and  amperes  in  the  secondary  will  be  practically 
equal  to  that  in  the  primary,  the  number  of  amperes  in  the 
secondary  will  be  but  one-twentieth  of  that  in  the  primary. 
The  coils  in  a  transformer  may  be  used  as  either  primary  or 
secondary.  If  the  coil  having  2,000  turns  were  used  as  the 
primary,  the  voltage  in  the  secondary  would  then  be  but  one- 
twentieth  as  great,  while  the  current  would  be  twenty  times 
as  large. 

3314.  A  transformer  used  to  raise  the  voltage  from  a 
low  to  a  high  value  is  called  a  step-up  transformer^  while  one 
used  to  reduce  the  voltage  is  termed  a  step-doivn  transformer. 
The  ratio  of  transformation  is  the  ratio  between  the  sec- 
ondary and  the  primary  voltage,  and  is  equal  to  the  ratio 
between  the  number  of  turns  in  the  primary  and  the  number 
in  the  secondary. 

LINE  LOSS  AT  HIGH  AND  LOW^  VOLTAGES. 

3315.  By  considering  formula  501,  Art.  3306,  W- 
C  R,  it  is  evident  that  the  energy  loss  increases  as  the  square 
of  the  current  and  directly  as  the  resistance  of  the  line,  and 
inasmuch  as  the  voltage  E  does  not  enter  into  this  equation, 
it  is  evident  that  a  high  voltage  may  be  used  without  increas- 
ing the  loss  at  all.  We  may,  therefore,  by  using  a  very  high 
voltage  and  a  comparatively  small  current,  transmit  elec- 
trical power  with  practically  no  more  loss  than  if  we  used  a 
small  voltage  and  the  same  current.  There  is,  of  course,  a 
somewhat  greater  loss  on  high-voltage  lines,  due  to  leakage, 
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but  this,  as  a  rule,  may  be  neglected  if  the  insulation  of  the 
line  is  what  it  should  be. 

33 1 6.  As  an  illustration  of  the  comparative  loss  between 
high  and  low  voltages,  let  us  assume  a  case  where  it  is  desired 
to  transmit  by  direct  current  the  energy  from  a  1,000  horse- 
power dynamo  a  distance  of  10  miles,  with  a  total  line  loss 
not  to  exceed  20  per  cent. 

We  will  calculate  the  size  of  the  wire  necessary  for  accom- 
plishing this  transmission  for  two  cases,   the  first  using  a 
pressure  of  500  volts  and  the  second  10,000  volts.     The  cost 
of  copper  is  taken  as  15  cents  per  pound. 
First  case: 

1,000  X  T4G  =  746,000  watts  to  be  transmitted  at  a  pres- 
sure of  500  volts. 

_,       .  ^       746,000       ^    ,^_ 

Total  current  =  —  '        =  1,492  amperes. 

0\)\) 

Drop  =  20^  of  500  =  100, 

Resistance  of  line  necessary  to  produce  a   drop  of   100 

1.  D         ^  10<^  nor,      u 

volts  z=  R  =  --^  =  T-J7-7  =  .067  ohm. 

The  double  length  of  the  line  is  20  miles,  whence 

.067  X   1,000  ^^^^or:      u  1    AAA  f. 

— — r^TTTTr  =  .000635  ohm  per  1,000  ft. 

20  X  5,280  ^ 

Referring  to  Table  98,  we  find  that  the  resistance  of  a 

No.  0000  B.   &  S.   copper  wire  is  .051  ohm  per  1,000  ft., 

051 
which  is      '  =  81    times    the    desired    resistance.     "We 

.000635 

would  therefore  have  to  use  81  such  wires  in  parallel  in 
order  to  transmit  this  amount  of  power  under  these  con- 
ditions. 

This  wire  weighs  639.33  lb.  per  1,000  feet,  and  the  total 

•   u.    f.u    r          Ml  .u       (         u    639.33X81X20X5.280 
weight  of  the  Ime  will,  therefore,  be = 

5,468,316  lb. 

At  15  cents  per  lb.  the  total  cost  would  be  $.  15  ^  5,468,316  = 
$820,247.40,  which  price  is  of  course  entirely  out  of  the 
question. 
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Second  case : 

n.       1  746,000       ^,  ^ 

Total  current  =  -tftt^?^  ~  74.6  amperes. 

Drop  =  20^  of  10,000  =  2,000. 

Resistance  of  line  necessary  to  produce  a  drop  of  2,000 

„       E       2,000       .^  o    u 
volts  =  R  =  ■j^  =  -^rr-TT  =  26.8  ohms. 
C         74.6 

The  resistance  per  1,000  feet  =    „'       — ^-~-  =  .254  ohm. 

0,/ioO  X  ^0 

From  Table  98  we  find  that  a  No.  4  B.  &  S.  wire  has  a 
resistance  of  .259  ohm  per  1,000  ft.,  and  a  single  wire  of  this 
size  will  transmit  the  current  without  giving  a  drop  in 
excess  of  20^. 

Reference  to  Table  106,  however,  shows  that  this  wire 
would  produce  too  great  a  heating  effect  when  carrying 
74.6  amperes,  and  we  therefore  select  a  No.  2  B.  &  S.  wire 
which  will  carry  the  current  without  excessive  heating. 

The  weight  of  20  miles  of  this  wire  will  be 

200.54  X  20  X  5,280  _  _  .  _^  ,, 
■  ^-^  -  21,177  lb. 

The  cost  of  copper  in  this  case  will  be 

21,177x1.15  =  13,176.55. 

This  figure  is  not  at  all  excessive,  and  when  it  is  considered 
that  the  stringing  and  supporting  of  81  large  wires  would 
cost  an  immense  amount  more  than  the  stringing  of  one 
small  wire,  the  difference  is  seen  to  be  still  more  in  favor  of 
the  high  voltage. 

The  foregoing  problems  show  well  the  difference  in  initial 
cost  between  installations  for  the  transmission  of  power 
using  high  and  low  voltages.  Direct  currents  were  specified 
in  both  cases,  because  the  calculations  of  the  size  of  con- 
ductors for  alternating-current  transmission  is  a  matter 
which  the  student  should  not  attempt  to  accomplish  until  he 
has  mastered  the  principles  of  alternating  currents,  which 
subject  will  be  treated  of  later.  It  may  be  said,  however, 
that  the  C^  R  loss  for  alternating  currents  is  the  same  as  for 
direct,  when  C  is  taken  as  the  effective  value  of  the  current. 
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33 1 7.  It  will  now  be  seen  why  the  fact  that  alternating 
currents  may  be  readily  transformed  gives  them  such  a 
decided  advantage  over  direct  currents  in  long-distance 
transmission  work.  Direct  currents  may  be  transmitted 
over  long  distances  and  at  high  voltages  with  even  less 
line  loss  than  alternating  currents  at  the  same  voltages,  but 
the  difficulty  is  in  generating  the  extremely  high-tension 
direct  currents,  and  in  utilizing  them  after  transmission 
at  the  receiving  end.  With  alternating  currents,  however, 
there  is  no  difficulty  in  either  respect,  for  the  use  of  step- 
up  transformers  at  the  generating  end  will  give  sufficient 
line  voltage  for  transmission,  while  step-down  transformers 
at  the  receiving  end  will  give  a  pressure  suitable  for  direct 
utilization  without  danger  to  life  or  property. 

33 IS.  The  most  notable  long-distance  transmission 
plant  using  direct  current  is  at  Brescia,  Italy,  where  TOO 
horsepower  is  transmitted  over  13  miles  at  an  initial  pressure 
of  15,000  volts.  In  plants  of  this  kind  it  is  necessary  to  use 
enough  generators  in  series  at  a  pressure  of  about  3,000  volts 
each  to  give  the  desired  initial  voltage.  At  the  receiving  end, 
motors  placed  in  series  may  use  the  power  to  run  dynamos 
which  will  generate  currents  at  the  proper  voltage  for  utility. 

There  are  probably  not  more  than  six  long-distance  direct- 
current  installations  in  existence,,  but  these  are  all  reported 
to  be  entirely  successful.  The  flexibility  of  the  alternating- 
current  systems,  however,  has  proved  to  be  so  great  an  ad- 
vantage that  long-distance  plants  using  direct  currents  are 
no  longer  installed. 

PRACTICAL    W^IRIXG. 


INTERIOR   WIRING. 

3319.  Cleat  Wiring. — This  is  one  of  the  cheapest 
methods  of  wiring  where  exposed  wiring  is  allowable.  This 
system  is  usually  employed  where  the  appearance  of  the 
wires  is  of  no  great  consequence.  It  admits  of  ready  access 
to  conductors  in  case  change  of  lamps  is  required. 


I 
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Fig.  1218  shows  a  two-wire  cleat  and  Fig.  1219  one  for 
three  wires.     These  cleats  are  of  wood,  and  are  fastened  to 


Fig.  1218. 


Fig.  1219. 


the  wall  or  ceiling  by  screws,  as  indicated.  Various  other 
forms  of  cleats  and  cleats  of  other  materials  are  in  use;  the 
principle  of  all  is,  however,  the  same,  that  is,  to  support  the 
conductors. 

The  following  Fire  Underwriters'  Rules  will  make 
the  use  of  cleat  work  evident: 

1.  In  general,  cleat  work  is  not  desirable,  and  cleats  must 
not  be  used  unless  in  a  very  dry  place. 

2.  Must  not  be  used  unless  in  a  place  perfectly  open  for 
inspection  at  any  time. 

3.  Must  not  be  used  unless  they  are  of  porcelain,  or  well- 
seasoned  wood,  filled  to  prevent  absorption  of  moisture. 

4.  Must  not  be  used  unless  they  are  so  arranged  that  wires 
of  opposite  polarity,  with  a  difference  of  potential  of  150  volts 
or  less,  will  be  kept  at  least  2^  inches  apart,  and  that  where 
a  higher  voltage  is  used  this  distance  be  increased  pro- 
portionately. 


Fig.  1220. 


3320.  Molding  Work. — This  is  so  called  because  the 
wires  are  covered  by 
M  wooden  moldings.  It  is 
more  expensive,  both  as 
regards  labor  and  ma- 
terial, than  cleat  work. 
It  is,  however,  much 
neater  in  appearance,  and  can  be  used  in  all 
places  which  are  free  from  too  much  moisture. 
Fig.  1220  shows  a  ceiling  molding,  and  Fig. 
1221  a  wall  molding,  both  for  two  wires. 
Numerous  other  forms  are  in  use,  all,  however,  similar  in 
principle. 


Fig.  1221. 
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The  standard  rules  for  molding  work  are  as  follows: 

1.  Conductors  must  not  be  of  sizes  smaller  than  No.  16 
B.  &  S.  wire  gauge. 

2.  Must  not  be  paraffin-covered. 

3.  Must  not  be  laid  in  moldings  of  any  kind  in  damp 
places. 

4.  Must  not  be  carried  with  soft-rubber  tube. 

5.  Must  not  be  laid  in  moldings  with  open  grooves  against 
the  wall  or  ceiling. 

6.  Must  not  be  laid  in  moldings  where  less  than  ^  of  an 
inch  of  solid  insulation  is  between  parallel  wires  and  between 
wires  and  walls  or  ceilings. 

7.  Must  not  be  laid  in  plaster,  cement,  or  similar  finish 
without  an  exterior  metallic  protection. 

8.  Moldings,  where  admissible,  must  have  at  least  two 
coats  of  water-proof  paint,  or  be  impregnated  with  a  moisture 
repellent. 

3321.  Concealed  Work. — Wiring  which  is  com- 
pletely   hidden    from    sight    is  termed    concealed  work. 

The  wires  in  this  case  are  usually  strung  through  the  space 
between  the  floor  boards  and  the  brick  or  concrete  beneath, 
and  are  supported  by  ordinary  porcelain  knobs  or  tubes. 

A  later  method  of  concealed  work  is  the  interior  con- 
duit system.  This  system  consists  of  a  highly  insulating 
and  water-proof  tube,  in  connection  with  junction-boxes  and 
outlets  designed  to  meet  all  requirements  of  interior  wiring. 
These  tubes  are  made  in  sizes  from  ^  of  an  inch  to  1;^  inches 
in  diameter,  and  in  lengths  of  10  feet. 

They  arc  concealed  beneath  the  plaster,  wiiile  junction- 
boxes  arc  located  wherever  most  convenient,  with  the  con- 
duits leading  directly  into  them.  Nothing  is  exposed  of 
this  work  but  the  covers  of  the  junction-boxes.  These  are 
ornamental  or  perfectly  smooth,  and  can  be  decorated  to 
correspond  with  the  walls  and  be  almost  unobservable. 

To  lay  the  conductor  in  such  a  system  of  interior  con- 
duits, a  so-called  fisti  wire  is  inserted  into  the  conduit  and 
readily  pushed  through  to  the  next  outlet.     The  electrical 
conductor  is  attached  and  drawn  through. 
M.  E.    IV.— G 
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Buildings  should  preferably  be  supplied  with  such  a  sys- 
tem of  interior  conduit  while  in  the  course  of  construction, 
because  installing  concealed  work  on  a  finished  building  is 
very  expensive  and  difficult. 

3322.  The  following  general  rules  have  been  recom- 
mended in  connection  with  interior  conduits: 

1.  Use  as  long  pieces  of  tubing  as  possible. 

2.  Fasten  to  walls  or  beams  with  staples,  using  a  staple 
driver  to  drive  them  home,  so  that  while  no  damage  is  done 
to  the  tube  it  is  perfectly  secure. 

3.  Be  sure  the  ends  of  the  tube  are  so  cut  as  to  meet 
squarely  at  the  joints,  to  prevent  the  wires  from  catching. 
They  should  pass  freely,  without  friction. 

4.  Always  blow  soapstone  into  the  tube  after  it  is  in  posi- 
tion.    This  allows  the  conductor  to  be  pulled  through  easily. 

5.  If  rigid  conductors  are  used,  place  a  junction-box  at 
each  angle. 

6.  Always  enter  the  tubing  full  into  the  junction-boxes, 
when  they  are  used,  and  cover  the  joints  with  water-proof 
insulating  compound. 

If  these  directions  are  carefully  followed,  an  absolutely 
water-proof  conduit  will  be  formed,  and  no  trouble  will  be 
experienced  in  drawing  the  conductSrs  by  means  of  a  fish 
wire  through  long  distances  and  around  corners. 


UNDERGHOUIVD    WIRING. 

3323.  In  large  cities,  the  only  practical  method  of  run- 
ning conductors  for  all  varieties  of  electrical-power  trans- 
mission is  to  place  them  underground.  On  account  of  the 
difficulty  in  approaching  a  burning  building,  the  danger 
from  crosses  and  falling  wires,  and  the  disfigurement  of  the 
streets  where  a  network  of  overhead  wires  is  present,  many 
city  authorities  have  made  the  placing  of  them  underground 
compulsory  by  law.  There  are  many  conduit  systems  in 
use,  but  only  a  few  of  the  better  known  varieties  will  be 
given. 
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3324.  W^choff  System. — The  Wychoff  system  con- 
sists of  creosobed  wooden  ducts,  having  a  square  cross-section 
with  a  three-inch  circular  hole  in  the  center.  The  ducts  are 
laid  in  a  trench,  in  the  bottom  of  which  a  flooring  of  two-inch 
creosoted  planks  has  previously  been  placed.  When  the 
entire  number  of  ducts  are  in  place  a  similar  layer  of  two-inch 
planks  are  placed  above  the  whole,  to  protect  the  ducts  from 
the  pickaxes  of  laborers.  The  ends  of  the  ducts  fit  into 
each  other  in  the  same  manner  as  ordinary  pump-logs. 
This  system  is  cheap,  but  the  creosote  is  apt  to  affect  the 
covering  of  the  cable  by  chemfical  action,  and  the  ducts  can 
not  be  bent  around  corners  and  obstructions.  Also,  such  a 
system  can  not  be  placed  near  the  pipes  of  a  steam-heating 
company. 

Earthenware  pipes  having  a  rectangular  cross-section 
divided  in  the  center  by  a  shelf,  are  sometimes  used,  and 
each  half  receives  three  ducts.  The  joints  are  wrapped  with 
burlap  impregnated  with  asphalt,  which  renders  them  rigid 
and  moisture  proof. 

3325.  Dorset  System. — This  consists  of  blocks  of 
some  substance  like  asphalt,  bored  with  holes  to  receive  the 
conductors.  The  blocks  are  joined  at  their  ends  by  a  paper 
sleeve  which  fits  into  the  holes.  The  paper,  however,  is  apt 
to  become  moist,  and  when  a  sag  occurs  the  joints  will  open. 

3326.  Open-Box  Conduit. — This  consists  of  a  wooden 
bo.x  of  rough  lumber  about  one  to  one  and  one-half  inches 
thick.  The  boxes  are  all  joined  together  by  short  wooden 
strips  nailed  on  the  outside,  and  the  cables  are  laid  inside 
with  a  filling  of  pitch.  After  the  conduit  has  been  filled  in 
with  pitch,  a  wooden  creosoted  cover  is  nailed  on,  and  in 
places  where  digging  may  be  expected,  a  light  cast-iron  pro- 
tective covering  is  laid  over  this. 

3327.  WVought-Iron,  Cement-Lined  Pipe.— This 
conduit,  although  rather  expensive,  is  very  durable,  and 
allows  frequent  changes  in  the  size  and  number  of  con- 
ductors. It  consists  of  a  riveted  wrought-iron  shell,  ^  inch 
thick  and  lined  with  f  inch  of  cement  concrete,  the  inside 
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surface  of  which  is  smoothly  finished.  This  lining  prevents 
the  formation  of  scale  by  the  corrosion  of,  exposed  iron, 
which  may  hinder  the  withdrawal  of  the  cables.  It  also 
does  not  melt  in  warm  weather  and  hold  the  cable.  The 
pipe  usually  comes  in  seven  or  eight  foot  lengths,  threaded 
at  each  end  with  a  vanishing  screw,  i.  e.,  a  screw  whose 
thread  continually  decreases  in  depth  until  it  disappears 
altogether.  The  lengths  are  joined  by  a  short  piece  of  pipe 
having  a  right-hand  thread  on  the  inside  of  one  end,  and  a 
left-hand  thread  on  the  inside  of  the  other  end.  After  the 
pieces  have  been  screwed  together,  the  joints  are  covered 
with  a  layer  of  cement. 

The  best  way  to  lay  wrought-iron  conduits  is  to  place 
them  in  a  trench  which  is  three  to  four  feet  deep,  lined  with 
suitable  lumber  and  having  its  bottom  carefully  leveled  to 
grade.  Within  this  trench  comes,  first,  a  layer  of  concrete 
three  inches  thick,  and  over  this  a  layer  of  conduits  and  a 
layer  of  concrete  one  inch  thick.  Similar  layers  of  pipes  and 
concrete  are  laid  until  the  requisite  number  of  conduits  is  in 
the  trench,  and  the  sides  and  top  are  filled  in  with  concrete 
to  a  thickness  of  three  inches.  Over  all  is  laid  a  covering 
of  two-inch  creosoted  planks  to  protect  the  trench. 

Multiple  conduits,  which  are  often  laid  directly  in  the 
ground  without  cement,  may  be  obtained.  They  consist  of 
a  Avrought-iron  shell  of  large  diameter,  within  which  the 
cement  concrete  is  filled  around  cores  which,  when  with- 
drawn, leave  a  number  of  parallel  ducts  for  the  cable. 

3328.  Manholes. — At  suitable  distances  along  their 
lengths,  underground  conduits  should  run  into  underground 
compartments,  called  manholes.  These  are  usually  placed 
about  400  feet  apart;  but  this  distance  varies  under  different 
conditions. 

Manholes  are  usually  built  of  sewer  brick,  with  walls  about 
one  foot  thick,  upon  eight  inches  of  concrete.  This  concrete 
is  for  the  purpose  of  preventing  the  entrance  of  water  or 
gas.  They  are  entered  through  circular  apertures  at  the 
top,  about  thirty  inches  in  diameter,  which  are  closed  with 
cast-iron  covers. 
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Where  sewer  or  illuminating  gas  is  present,  all  apertures 
where  the  conduits  enter  should  be  sealed  up  with  plaster  of 
Paris,  pure  clay,  or  some  other  substance  which  has  no 
chemical  effect  upon  the  conduit  or  cables.  Ventilating 
tubes  should  also  run  from  the  interior  to  the  external 
atmosphere.  However,  where  too  much  gas  is  still  present, 
mechanical  blowers  should  be  employed. 

Fig.  1222  shows  two  manholes  connected  by  a  conduit, 
and   also  illustrates   the   method   of  drawing   in   the  con- 


Fig.  122J. 

ductors.  In  this  figure  ic  is  the  reel  upon  which  the  cable 
is  wound,  ;//  and  w,  are  manholes,  k  is  the  conduit,  /  con- 
sists of  two  parallel  pine  boards  provided  with  holes  for 
carrying  axles,  upon  which  revolve  the  two  pulley-wheels  d 
and  r,  and  ^  is  a  capstan  for  drawing  the  rope  along. 

3329.  Drawing  in. — The  first  operation  in  introdu- 
cing a  conductor  into  a  conduit  is  called  "rodding."  This 
consists  in  pushing  a  series  of  jointed  rods  into  a  duct  from 
one  manhole  until  the  first  rod  reaches  the  other  manhole. 
The  rods  are  joined  together  one  at  a  time  as  they  are 
pushed  in.  When  the  chain  of  rods  reaches  between  the 
two  manholes,  a  rope  is  attached  to  one  end  and  pulled 
through,  the  rods  being  disjointed  as  they  reach  the  second 
manhole. 

The  cable  is  then  taken  from  the  top  of  the  reel,  so  as  to 
form  an  even  curve — as  shown  in  the  figure — and  drawn 
through  the  conduit.  A  man  is  stationed  at  a  to  guide  the 
cable  as  it  passes  through.     At  e  is  shown  a  guide  for  the 
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cable.     Two  of  these  are  placed  together  within  the  con- 
duit, one   at  each  end,  and  fit  around  the  cable,  so  that  it 
shall  not  be  injured  as  it  enters  and  leaves. 
'   Great  care  must  be  taken  in  unrolling  and  handling  the 
cable,  lest  the  leaden  outer  cover  be  injured. 

If  an  obstruction  is  met  with,  it  may  usually  be  removed 
by  screwing  on  the  end  of  the  rod  a  piece  specially  con- 
structed to  clear  the  way.  But  when  a  clear  passage  can  not 
be  obtained  by  this  method,  measurements  are  taken  from 
each  manhole  to  locate  the  spot  where  the  street  must  be 
opened  for  the  conduit  to  be  relaid. 


3330. 

cable   by 


Cable  Grips. — The  rope  is  fastened  to  the 
a  chain,  the  end  link  of  which  fits  into  a 
ring.  This  ring  is  connected  to  a  screw 
which  screws  into  one  end  of  a  short  pipe, 
the  other  end  of  which  fits  over  the  cable 
and  is  fastened  with  wooden  screws.  This, 
however,  causes  some  waste,  as  a  short 
\di  piece  must  be  cut  from  each  length  of  cable. 
A  device  for  gripping  a  cable  without  in- 
jury or  waste  is  shown  in  Fig.  1223,  where 
d  is  the  cable  ;  ;//,  ;//  are  two  wedged-shaped 
blocks  of  wood,  each  of  which  forms  half  of 
a  tube,  and  which,  when  placed  together, 
fit  around  the  cable  ;  ^  is  an  iron  ring  fitted 
to  the  taper  of  the  wedges  and  provided 
with  perforations  d  and  d^,  through  which 
wires  are  strung  to  fasten  on  the  chain. 
It  will  at  once  be  evident  that  the  greater 

the  force  applied  at  the  end  of  the  cable,  the  tighter  will  be 

the  pressure  from  the  blocks. 

3331.  Cables. — All  underground  conductors  must  be 
insulated,  and  where  desirable  a  number  of  conductors  may 
be  included  in  one  sheath  or  covering.  In  telephone-cables. 
as  many  as  240  separate  wires  are  often  bunched  together  in 
one  cable,  while  for  heavy  currents  a  much  smaller  number 
becomes  necessary.     The  thickness  of   the  insulation    will 
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depend  upon  the  pressure  and  kind  of  current  employed  ; 
and  for  very  heavy  currents  the  conductors  are  usually 
stranded.  While  laying  these  cables,  it  is  safer  to  carefully 
ground  the  lead  covering,  since  its  potential  will  thus  be 
equal  to  that  of  the  earth,  and  workmen  will  not  receive 
shocks  from  the  inductive  charges.  All  ends  should  be 
carefully  soldered  to  prevent  the  entrance  of  moisture. 

When  running  through  a  manhole,  the  cables  should  not 
sag  straight  across,  but  should  be  strung  around  on  the 
walls  and  supported  upon  properly  arranged  hooks. 

3332.  Joining  Cables. — This  is  a  very  important 
operation  in  underground  cable  work,  and  should  be  done 
with  the  greatest  care. 

First,  the  soldered  end  of  the  cable  is  cut  off  and  the 
cable  is  carefully  examined  for  moisture.  If  a  little  mois- 
ture be  present,  and  there  is  still  more  than  enough  room  for 
the  joint,  it  is  allowable  to  cut  off  another  short  length. 
If  indications  of  moisture  be  still  present,  heat  should  be 
applied  to  the  lead  covering,  starting  from  a  distance  and 
proceeding  along  the  cable  to  the  end.  Thus  the  moisture 
is  driven  out  at  the  cut.  When  the  use  of  torches  is  not 
allowed  on  account  of  gas  in  the  manholes,  hot  insulating 
compound,  such  as  boiling  paraffin,  may  be  poured  over  the 
cable.  This  process  is  known  as  boiling  out.  To  ascertain 
whether  moisture  is  present,  the  piece  last  cut  off  is  stripped 
of  its  lead  covering,  and  plunged  into  hot  insulating  com- 
pound.    If  bubbles  rise,  moisture  is  still  present. 

When  all  trace  of  moisture  has  disappeared,  the  lead  cov- 
ering is  removed  for  a  convenient  length  from  each  of  the 
ends  to  be  joined,  and  the  insulation  is  cut  away  for  a  shorter 
distance  from  the  end,  leaving  a  certain  length  beyond  the 
lead.  A  lead  tube  of  sufficient  diameter  to  fit  over  the  cable 
sheath,  and  of  a  length  great  enough  to  cover  the  joint  to 
be  made,  is  slipped  over  one  end  of  the  cable  and  back  out 
of  the  way.  Now,  if  the  conductor  be  small  enough,  the 
regulation  telegraph  joint  is  made  and  soldered.  But  if 
the  conductor  be  stranded  or  of  large  cross-section,  the  ends 
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are  cut  square,  butted  together,  and  soldered,  and  made 
much  more  secure  by  a  copper  sleeve,  which  is  soldered  over 
all.  This  sleeve  is  open  at  one  side,  so  that  solder  may  be 
run  in  until  the  strands  are  thoroughly  saturated.  The 
joint  is  now  covered  with  insulating  tape  to  the  height  of 
the  lead  covering. 

A  layer  of  paraffined  paper  may  be  wrapped  on  over  this 
and  then  the  lead  tube  slid  along  the  cable  so  as  to  cover 
the  joint.  The  ends  of  this  are  then  secured  to  the  cable 
sheath  by  a  wiped  solder  joint,  thus  making  the  sheath 
again  continuous. 

A  section  of  such  a  joint  is  shown  in  Fig.  1224,  where  i  is 
the  insulation,  /  is  the  copper  sleeve,  k  is  the  conductor,/  is 
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the  paper  wrapping,  and  s  is  the  wiped  solder  joint.     The 
space  /  is  wound  with  insulating  tape. 


THE  TESTING  OF  LINES. 
3333.  There  are  three  principal  tests  necessary  to 
ascertain  the  condition  of  any  line.  These  are  for  determin- 
ing, respectively,  the  resistance,  the  capacity,  and  the  insu- 
lation of  the  line.  The  resistance  of  a  line  is  an  inverse 
measure  of  its  conductivity,  and  needs  no  further  explana- 
tion. The  capacity  of  a  line-wire  is  the  property  possessed 
by  it  of  retaining  a  charge  of  electricity  on  its  surface,  due 
to  the  condenser  action  between  it  and  some  adjacent  con- 
ductor, or  the  ground,  or  both.  The  action  is  similar  to  that 
of  a  Leyden  jar,  the  line-wire  taking  the  place  of  the  inner 
coating,  the  atmosphere  or  other  insulating  medium  of  the 
glass  jar  itself,  and  the  adjacent  wire  or  the  ground  of  the 
outer  coating.  The  capacity  of  a  line  is  of  comparatively 
little  importance  in  direct-current  transmission,  but  in  all 
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alternating  or  pulsating  current  work,  and  especially  in 
telegraphy  and  telephony,  it  plays  a  very  important  part. 
The  most  important  of  the  three  tests,  however,  is  that  for 
insulation — that  is,  the  determination  of  the  resistance  from 
the  conductor,  through  the  insulating  medium,  to  the  ground 
or  to  other  conductors.  Evidently,  the  higher  the  insulation 
the  smaller  will  be  the  loss  due  to  leakage — a  matter  of  the 
utmost  importance  in  nearly  every  branch  of  work. 


FAULTS. 

3334.  Faults  on  a  line  may  be  of  two  kinds  :  The  line 
may  be  entirely  broken  or  it  may  be  unbroken,  but  in  con- 
tact with  some  other  conductor  or  with  the  ground.  The 
former  fault  is  termed  a  break;  the  latter,  a  cross  or  ground. 

3335.  A  break  may  be  of  such  a  nature  as  to  leave  the 
ends  of  the  conductor  entirely  insulated,  or  the  wire  may 
fall  so  as  to  form  a  cross.  A  cross  may  be  of  such  low  resist- 
ance as  to  form  a  short  circuit,  or  it  may  possess  high  re- 
sistance, thus  forming  what  is  termed  a  leak. 

3336.  The  instruments  most  used  in  testing  lines  are  a 
galvanometer,  standard  battery,  standard  condenser.  Wheat- 
stone  bridge,  ammeter,  voltmeter,  and  suitable  keys  for 
performing  the  necessary  changes  in  the  circuits.  The  gal- 
vanometer should  be  of  the  Thomson  or  D'Arsonval  type, 
the  former  being  more  suitable  for  very  delicate  measure- 
ments, but  the  latter  is  more  convenient,  because  it  is  not 
affected  by  external  magnetism. 

3337.  Many  of  the  tests  described  in  the  section  on 
Electrical  Measurements  are  directly  applicable  to  the  de- 
termination of  the  various  conditions  of  a  line,  but  a  few 
others  will  be  described  here. 


I 
I 


MEASUREMENT  OF  LINE  RESISTANCE. 

333S.  The  resistance  of  a  line  may  be  measured  on  a 
Wheatstone  bridge  by  connecting  the  ends  of  the  line  cir- 
cuit in  the  unknown  arm  of  the  bridge.  Sometimes  it  occurs 
in  the  case  of  a  grounded  circuit  that  earth-currents  will  in- 
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terfere  to  such  an  extent  as  to  render  accuracy  impossible. 
In  this  case,  if  another  parallel  wire  is  available,  the  resist- 
ance of  which  is  known,  they  may  be  connected  together  at 
the  distant  end,  and  the  resistance  of  the  two  in  series 
measured.  The  resistance  of  the  first  wire  will  then  be  the 
difference  between  the  total  measured  resistance  and  that  of 
the  known  wire. 


MEASUREMENT    OF    LINE    CAPACITY. 

3339.  The  simplest  and, probably  the  most  satisfactory 
method  for  measuring  the  capacity  of  a  line  or  cable  is  to  com- 
pare the  capacity  to  be  measured  with  that  of  a  standard 
condenser.  It  is  first  necessary  to  obtain  the  deflection  of 
the  galvanometer  needle  when  the  standard  condenser  is 
discharged.  For  this  purpose  the  apparatus  is  arranged  as 
in  Fig.  1225,  in  which  6^  is  a  galvanometer,  C  the  standard 


B 

lllllh 


Fig.  1225. 

condenser,  B  a  battery,  and  K  a  discharge-key,  resting 
normally  against  contact  b,  bvit  capable  of  being  depressed 
against  a.  When  the  key  is  depressed,  the  current  from  the 
battery  charges  the  condenser.  This  charging  should  be 
allowed  to  continue  for  about  thirty  seconds,  in  order  to  give 
the  charge  a  chance  to  "soak  in."  The  key  should  then  be 
suddenly  released,  which  will  establish  such  connections  as 
to  allow  the  condenser  to  discharge  through  the  galvanom- 
eter.     The    throw    or    kick    of    the    galvanometer    needle 
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should  be  noted,  and  several  readings  taken  to  avoid  error 
and  to  obtain  an  average. 

The  cable  or  line  is  then  substituted  for  the  condenser,  as 
in  Fig.  1226,  where  the  wire  leading  from  the  galvanometer 


Fig.  1226, 

and  battery  is  connected  to  the  core  of  the  cable,  while  the 
wire  leading  from  the  key  lever  is  connected  with  the  sheath 
or  armor.  If  the  line  were  of  bare  wire,  the  wire  from  the 
key  lever  would  be  grounded.  The  reading  is  then  taken  on 
the  galvanometer,  as  before.  If  no  shunt  is  used  on  the 
galvanometer,  or  the  same  shunt  is  used  in  each  case,  the 
two  capacities  will  vary  in  proportion  to  the  respective 
readings  of  the  galvanometer. 

Thus,  calling  D  the  deflection  obtained  with  the  standard 
condenser,  D'  that  with  the  cable,  C  the  standard  capacity, 
and  C  the  capacity  of  the  cable,  we  have 

C  \  C  w  n  '.  D, 

C  ^  D' 


or 


C'  = 


D 


(503.) 


The  capacity  per  mile  is  found  by  dividing  by  the  length 
of  cable  in  miles;  and  the  best  results  are  obtained  when  the 
capacity  of  the  standard  condenser  is  very  nearly  equal 
to  that  of  the  cable,  and  the  deflections,  therefore,  nearly 
the  same. 
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Example. — A  test  was  made  to  determine  the  capacity  of  a  cable. 
The  capacity  of  the  standard  condenser  was  1  microfarad.  The 
deflection  or  throw  from  the  standard  condenser  was  37  divisions,  and 
that  from  the  cable  was  42.     What  was  the  capacity  of  the  cable  ?  ' 

Solution. -^Using  formula  503, 

42  X  1 
C  =  — ^ —  =  1.135  microfarads.    Ans. 

O  i 

3340.  Tests  for  locating  a  break  in  a  wire  are 
usually  made  by  capacity  tests,  as  the  capacity  of  the  part  of 
a  wire  bears  the  same  relation  to  the  capacity  of  the  whole 
wire  as  the  length  of  the  part  does  to  that  of  the  whole. 

When  one  good  wire,  having  the  same  capacity  per  mile, 
is  accessible,  a  condenser  need  not  be  used;  but  instead  de- 
flections may  be  taken  on  the  broken  wire  and  on  the  good 
wire.  Let  D  be  the  throw  on  the  broken  wire,  and  JD'  the 
throw  on  the  good  wire.  L  is  the  distance  to  the  break  and 
L'  the  total  length  of  the  broken  wire.  Then, 
D:  D'  ::L:  L\  . 

or  L^^,L'.  (504.) 

Example. — A  test  was  made  to  find  a  break  in  a  cable  conductor 
near  to  which  ran  another  sound  wire.  The  throw  on  the  broken  con- 
ductor was  35  divisions,  and  that  on  the  good  wire  ■was  80  divisions. 
What  was  the  distance  to  the  break,  the  total  length  of  broken  cable 
being  3,100  feet  ? 

Solution. — Using  formula  504, 

Z  =  ^  X  3,100  =  1,356  ft.     Ans. 
ou 

Example. — A  break  occurs  in  a  cable  3  miles  long.  It  is  known 
that  the  capacity  of  the  entire  conductor  was  .39  microfarad  per  mile, 
or  1. 17  microfarads  in  all.  Upon  testing,  it  is  found  that  with  a  standard 
condenser  of  ^  microfarad  and  a  suitable  battery  and  shunt  to  the  gal- 
vanometer, the  deflection  is  98,  while  with  the  same  shunt  and  batiery 
the  deflection  obtained  from  one  end  of  the  cable  is  141.  How  far 
from  the  testing  end  is  the  break  ? 

Solution.— Using  formula  503,  C=  h  Z>  =  98,  Z>'  =  141. 

I-  V  141 
C  =  — ^^  =  -4796  microfarad. 

4796 
Distance  from  testing  end  =  ■  =  1.23  miles.     Ans 
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EXAMPLES  FOR   PRACTICE. 

1.  In  a  test  for  the  capacity  of  a  cable  the  capacity  of  the  standard 
condenser  was  2  microfarads.  The  throw  from  the  condenser  was 
53  divisions,  and  that  from  the  cable  was  32  divisions.  What  was  the 
capacity  of  the  cable  ?  Ans.  1.207  microfarads. 

2.  A  test  was  made  to  locate  a  break  in  a  cable  conductor.  A  sound 
wire  was  accessible.  The  throw  on  the  broken  wire  was  29  divisions, 
and  that  on  the  good  wire  was  75  divisions.  The  length  of  the  tested 
cable  was  5,760  feet.     What  was  the  distance  to  the  break  ? 

Ans.  2,227  ft. 

IXSULATIOX  TESTS. 

3341 .  The  insulation  resistance  may  be  found,  when  the 
farther  end  of  the  line  is  disconnected  from  the  ground  and 
insulated,  by  the  methods  given  in  Arts.  2522  and  2524. 
The  insulation  resistance  per  mile  is  obtained  by  multiplying 
the  resistance  of  the  line  by  its  length  in  miles. 

When  the  insulation  resistance  is  very  high,  it  is  difficult 
to  obtain  an  accurate  rheostat  of  the  very  high  resistance 
required.  In  this  case,  therefore,  it  is  better  to  use  a  direct 
deflection  method.  A 
convenient  form  for 
connections  in  a  test 
of  high  resistance  in- 
sulation is  shown  in 
Fig.  1227. 

At^  is  a  high  resist- 
ance galvanometer,  5 
is  the  galvanometer 
shunt,  K^  is  a  key 
which  short-c  i  r  c  u  i  t  s 
the  galvanometer 
when  depressed,  B  is 
the  battery,  ^  is  a 
reversing  key,  which 
puts  either  pole  of  the 
battery  to  the  line 
while  the  other  pole  is 
to  earth,  A^  is  a  resist-  ^°'  *^- 

ance  coil  equal  to  the  resistance  of  the  battery,  and  which 
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may  be  connected  in  the  circuit,  G  and  C,  are  earths,  and 
r  is  an  accurate  resistance-box  of  rather  high  range. 

Insert  a  plug  in  the  aperture  1  of  K^,  and  in  S  of  A^. 
Adjust  the  shunt  vS"  until  a  convenient  deflection  is  obtained 
upon  the  galvanometer.  Then,  obtain  deflections  first  with 
the  -\-  pole  of  the  battery  to  line,  and  second  with  the  —  pole 
to  the  line.  If  these  deflections  do  not  agree,  there  is  some 
trouble  with  the  galvanometer  or  the  connections.  It  is 
probably  with  the  position  of  the  galvanometer  scale. 

After  everything  is  working  well,  the  first  step  is  to  find 
the  galvanometer  constant,  which  consists  in  obtaining  the 
deflection  through  a  known  resistance  r,  using  the  galvanom- 
eter shunt  vS,  Fig.  1227.  On  inserting  plugs  in  hole  1  of  K^ 
and  in  3  and  depressing  the  upper  key  of  K,  a  current 
from  the  positive  pole  of  the  battery  will  flow  through  the 
galvanometer  g  and  resistance  r.  Earth-currents  should 
now  be  observed,  if  any  exist,  by  cutting  out  the  shunt  S, 
removing  the  plug  in  hole  5,  and  changing  the  plug  in  the 
commutator  K^  from  1  to  2.  The  sign  (-}- or  — )  of  the 
deflection  should  also  be  noted  and  added  to  or  subtracted 
from  the  final  deflection  obtained  later  on,  according  as  it  is 
against  or  with  the  battery  current.  The  cable  is  now  to  be 
charged  from  the  battery  by  depressing  the  upper  key  of  K^ 
the  galvanometer  being  short-circuited  at  K^  and  the  plug 
inserted  in  3\  after  30  seconds,  K^  is  released  and  the  gal- 
vanometer readings  noted  every  15  seconds  of  the  time 
required,  which  may  be  3,  4,  or  5  minutes.  The  mean  of  the 
deflections  at  45",  60",  and  15"  gives  the  true  deflection  for 
each  minute.  Immediately  after  the  last  reading  taken  in 
this  manner,  with  the  battery  to  the  line,  the  galvanometer 
is  again  short-circuited,  the  battery  key /iTreleased,  and  plug 
3  removed.  Thirty  seconds  after  thus  disconnecting  the 
battery,  return  readings  are  taken  from  the  cable  at  15 
seconds'  intervals,  the  galvanometer  key  being  opened. 
The  mean  return  deflection  for  the  first  minute,  added  to 
the  mean  deflection  for  the  last  minute's  charge,  gives  the 
true  deflection  for  the  first  minute's  electrification.  The 
cable  is  then  grounded  for  a  time  sufficient  to  thoroughly 


ELECTRIC  TRANSMISSION.  2101 

discharge  it,  and  the  electrification  tests  are  repeated  with 
the  negative  pole  to  line,  using  the  lower  key  of  K. 

3342.     This  whole  process  may  be  simplified  by  present- 
ing it  in  algebraic  form.     Let 

B  =  resistance  of  battery  in  ohms; 

G  =  resistance  of  galvanometer  in  ohms; 

s  =  resistance  of  galvanometer  shunt  in  ohms; 

r  =  high  resistance  in  ohms; 

R  =  total  resistance  in  megohms*  of  galvanometer  with 

shunt,  battery,  and  high  resistance; 
d^  =  deflection  for  galvanometer  constant; 
d^  =  deflection  for  cable,  corrected  for  earth-currents; 
/  =  insulation  resistance  of  cable  in  megohms. 

According  to  the  rule   relative   to  derived   circuits,  the 
joint   resistance   in    ohms   of    galvanometer   and   shunt  = 

-,  and  the  multiplying  power  of  the  shunt  will  be 


6^  +  ^'—    ^-^v^^^-^v-- -— -       ^      . 

Then,  R=.{r  •\-  -^r— j-  ^  j -^  10'  =  resistance  in  megohms  of 

circuit  when  obtaining  deflection  ^,.     The  deflection  without 

G  4-  s 
a  shunt  through  this  resistance  will  be  (/, — — — ,  which  mul- 

*      s 

tiplied  by  R  gives  the  galvanometer  constant  =:  Rd,  — '-^. 

s 

The  insulation  resistance  of  the  cable  in  megohms  is,  then, 
^^connant^        '^j  (505.) 

Rule. —  To  find  the  insulation  resistance  of  a  cable  by  the 
direct  deflection  method,  obtain  first  the  galvanometer  con- 
stant as  described.  This  number  divided  by  the  deflection 
obtained  from  the  cable  will  give  the  insulation  resistance  in 
megohms. 

Example. — It  is  required  to  find  the  insulation  resistance  of  a  cable, 
and  the  following  apparatus  is  provided:  A  battery  having  a  resistance 


*  A  megohm  is  one  million  ohms- 
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of  450  ohms;  a  galvanometer  of  8,100  ohms;  a  galvanometer  shunt  of 
900  ohms;   a  high-resistance  box  of  1,000,000  ohms.     The  deflection 
through  the  resistance  R  is  240  divisions,  and  the  deflection  from  the 
cable,  corrected  for  earth-currents,  is  193  divisions. 
Solution. — 

Resistance  of  battery  B  =  450  ohms. 

Resistance  of  galvanometer 

(^  s 

and  shunt  -:;; =  810  ohms. 

(j  +  s 

Resistance  of  box  r  =  1,000,000  ohms. 


1,001,260  ohms  =  1.0013  megohms. 

rru            u-   1    •                         t   .u        u      ^   ■    ^  +  ^       8,100+900       ,. 
The   multiplymg  power  of  the  shunt  is =  ^r^ —  10. 

Then,   the    galvanometer  constant  R  di  — — -  =  1.0013  X  240  X  10  = 

2,403.     The  deflection  da  from  the  cable  is  193  divisions,  and  the  insu- 
lation resistance  will  be,  by  formula  505, 

^      2,403      ,„  ,^  ,  . 

/= -J—-- =  12.45  megohms.    Ans. 
193 

When  r  is  very  large,  compared  with  the  resistances  of  galvanometer 
and  battery,  and  only  approximate  results  are  desired,  sufficient  accu- 
racy is  obtained  by  making  7?=  r  in  calculating  the  insulation  resistance. 

3343.  A  simple  and  convenient  method  of  measuring 
the  insulation  resistance  of  a  line  while  in  operation  is  illus- 
trated in  Fig.  1238,  where  Z>  is  a  dynamo  supplying  current 


Fig.  lisa 

to  the  mains  /  and  /'.      f^  is  a  Weston  voltmeter,  having  an 
internal  resistance  r,  and  G  is  the  ground. 

Tne  difference  of  potential  across  the  mains  is  obtained  in 
the  ordinary  manner,  by  bridging  the  voltmeter  across  the 
two  leads.      Suppose  the  potential  thus  measured  is  v.     The 
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voltmeter  is  then  connected  between  the  line-wire  /  and 
ground,  as  shown,  and  the  reading  taken,  which  we  will 
call  7''. 

Then  the  resistance  K  between  the  wire  /  and  ground 
will  be 

V 

This  is  true,  because  the  voltmeter  when  connected  as  in 
Fig.  1228  may  be  said  to  be  connected  across  the  mains 
through  the  resistance  7?  +  r.  The  deflections  in  the  two 
cases  will  evidently  be  inversely  proportional  to  the  resist- 
ances through  which  they  are  taken;  hence, 

V  :  r -{•  R  ::  t'' :  r, 
Rv'  =  {v  -  v')  r, 


TESTS  FOR  GROUNDS  OR  CROSSES. 

3344.  These  faults  occur  much  more  frequently  than 
breaks,  and  are  often  extremely  difficult  to  locate. 

Uule. —  To  locate  a  cross  or  ground,  the  resistance  of  the 
zvire  between  it  and  the  station  is  first  found,  and  then  this 
resistance  is  dii'ided  by  the  resistance  of  the  wire  per  unit 
length,  so  that  the  distance  from  the  station  to  the  fault  may 
be  obtained. 

Tests  of  this  kind  are  often  made  by  means  of  a  differ' 
ential  galvanometer.  A  differential  galvanometer  is  one 
in  which,  surrounding  the  needle  at  equal  distances,  are  two 
coils  of  wire  of  equal  resistances  and  wound  in  opposite 
directions.  When  two  equal  currents  run  in  opposite  direc- 
tions around  these  coils,  the  pointer  of  such  an  instrument 
will  remain  upon  zero. 

Connections  for  this  test  are  shown  in  Fig.  1229,  in 
which  g  is  the  galvanometer,  7?  is  a  rheostat,  B  is  a  battery, 
J/.  K.    /F.-7 
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C,  6',,  and  6",  are  earths,  F  is  the  fault,  z  is  the  resistance 
of  the  fault,  x  is  the  resistance  from  g  to  7%  andjj'  is  th? 
resistance  from  F  \.o  the  end  of  the  line  M. 

The  line  L  at  the  distant  station  is  disconnected  from  the 
ground  and  the  end  insulated  at  M. 

The  pointer  of  galvanometer^ — of  course  taking  the  nec- 
essary precautions  for  earth-currents — is  balanced  upon  zero. 
We  then  know  that  the  resistance  in  the  line  is  equal  to  that 
in  the  box  R,  because  both  are  subject  to  the  same  E.  M.  F. ; 
and  since  the  deflection  is  zero  the  currents  must  be  equal 


<?i 


R 


X 


~y — K 


Fig.  1229, 


^,k 


in  each  branch.  The  unplugged  resistance  of  R,  which  we 
will  call  r,  is  equal  to  the  resistance  x  that  we  seek,  pro- 
vided there  is  no  resistance  in  the  fault  at  F.  The  circuit 
measured  will  be  B-2-F-G^-G  and  back  to  B. 

However,  if  there  be  a  resistance  z  between  F  and  G*,, 
r  =^  X  -\-  z.  The  test  is  now  repeated  from  the  other  station 
and  r'=:j  +  ^>  where  r'  is  the  unplugged  resistance  from 
the  other  station. 

L-=-  X  ■\-y^  where  L  is  the  known  resistance  of  the  line. 
Obtaining  the  values  of  the  three  unknown  quantities  from 
these  three  equations,  we  have 


r  + 

r'  -  L 

'? 

r  — 

r+L 

2 

v  = 

r'  - 

r  +  L 
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(507.) 
(508.) 


(509.) 

Example. — A  test  was  made  for  a  fault  by  means  of  a  dififerential 
galvanometer.  The  unplugged  resistance  at  the  first  station  was  600 
ohms,  that  at  the  second  station  was  630  ohms,  and  the  resistance  of 
the  line  was  1,150  ohms.  What  was  the  resistance  to  the  fault  from 
the  first  station  ?  from  the  second  station  ?  What  was  the  resistance 
of  the  fault  ? 

Solution.—    r  =  600,  r"  =  630,  Z  =  1.150. 

600  +  630-1,150      ,^      - 
z  = 5 =  40.     Ans. 

600-630  +  1,150      _„^      . 
X  = 5 =  o60.    Ans. 

630-600  +  1,150      ^^      . 
y  = 1:^ =  590.     Ans. 


EXAMPLES  FOR  PRACTICE. 

1.  A  test  for  a  fault  was  made  upon  an  aerial  line  of  1,112  ohms 
resistance.  The  resistance  of  the  line  was  12.92  ohms  per  mile.  The 
unplugged  resistance  in  the  rheostat  at  the  first  station  was  630  ohms, 
and  that  at  the  second  station  was  542  ohms.  What  was  the  resistance 
of  the  fault  ?  How  far  was  it  from  the  first  station,  and  how  far  from 
the  second  ? 

Ans. — The  resistance  of  the  fault  was  30  ohms.  The  distance  from 
the  first  station  to  the  fault  was  46  miles  774  yards.  The  distance 
from  the  second  station  was  39  miles  1,103  yards. 

2.  A  wire  touched  the  ground  so  that  there  was  no  resistance  s  in 
the  fault.  A  test  was  made  at  the  station,  and  the  unplugged  resist- 
ance in  the  rheostat  amounted  to  326  ohms.  What  was  the  distance  to 
the  fault,  the  resistance  of  the  wire  being  16. 1  ohms  per  mile  ? 

Ans.     20  miles  432  yards. 

3345.  A  better  way  of  testing  for  a  ground  or  cross  on 
a  line  is  by  Varley'»  loop  test,  circuits  for  which  are  shown 
in  Fig.  1230,  in  which  G  is  a  reflecting  galvanometer  con- 
nected across  the  arms  of  a  \Vheatstone  bridge  in  the  ordinary 
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manner;  a  and  b  are  the  ratio  arms  of  the  bridge,  and  k  is 
the  variable  arm.  D  E'ls  the  faulty  line  and  F  the  location 
of  the  fault.  B  E  is  a.  good  line,  the  resistance  of  which  is 
known.  The  two  lines  are  connected  together  at  £,  and  the 
ends  of  the  loop  so  formed  are  connected  across  the  termi- 


FlG.  1230. 

nals  of  the  bridge  so  as  to  form  the  unknown  resistance. 
The  battery  is  connected  between  A  and  the  ground.  Call 
f  the  resistance  of  the  loop  from  B  to  F,  x  that  from  D  to  /% 
and  R  the  total  resistance  of  the  loop  =  -t'+J^- 

Then  when  the  bridge  is  balanced. 


Hence, 


a          y 
b~  k  +  X 

R-x 

~  k  +  x 

a  k  -{-  a  X  = 

bR-b  X, 

a  X  -\-  b  X  = 

bR-ak. 

bR- 

r-  —  . 

a  k             . 

a-\-b 


(510.) 


It  will  be  noticed  that  this  is  entirely  independent  of  the 
resistance  of  the  fault,  or  of  any  earth-currents  which  may 
exist.  Having  found  x  and  knowing  the  resistance  of  the 
wire  per  foot  the  distance  to  the  fault  is  readily  calculated. 

Example. — A  ground   occurs  on  one  conductor  of  a  cable  10,000 
feet  long  composed  of  three  No.  10  insulated  copper  conductors.     On 
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testing,  the  bridge  was  balanced  with  the  following  resistances:  «  = 
10  ohms,  b  =  1,000  ohms,  and  k  =  1,642  ohms.  One  good  wire  was  used 
to  complete  the  loop.  Where  is  the  ground,  the  resistance  |>er  1,000  feet 
of  the  conductors  being  1.002  ohms  at  the  temperature  of  the  test  ? 

Solution.—    /?  =  20  x  1-002  =  20.04  ohms. 

1.000X20.04-10X1.642      .  „ .    , 

^ = 1,000  +  10 =  ^-^  °^°^^ 

Distance  from  testing  station  =    '     ^  X  1,000  =  3,576  feet.     Ans. 
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MOTOR-CARS  AND  FITTINGS. 

3346.  The  application  of  the  electric  motor  to  street- 
railway  work  has  provided  a  means  of  car  propulsion  which, 
from  its  peculiar  adaptability  to  the  conditions  met  with,  is 
likely  to  supersede  all  other  systems.  The  various  methods 
of  applying  electricity  to  street-car  traction  are  the  follow- 
ing :  Those  using  storage-batteries  on  the  cars ;  those  employ- 
ing electromagnetic  switching  devices  in  connection  with 
subsurface  conductors,  this  being  also  called  the  closed-con- 
duit system;  those  having  an  open  conduit  and  a  trolley 
connection  beneath  the  car;  those  using  an  insulated  third 
rail ;  and  those  with  an  overhead  conductor  and  trolley 
connection. 

ELECTRIC  TRACTION  SYSTEMS. 


STORAGE-BATTERY   RAILWAYS. 

3347.  A  storage-battery  system  presents  many 
advantages  from  a  theoretical  point  of  view,  which  can  not, 
unfortunately,  be  entirely  realized  in  practice.  The  first 
cost  of  the  installation  need  not  be  very  great,  and  more 
battery  sets  could  be  added  as  the  extension  of  the  road  or 
its  traffic  demanded.  The  station  equipment  could  also  be 
of  minimum  capacity,  as  it  might  be  operated  at  full  load 
continuously,  and  would  then  work  at  its  highest  efficiency 
If  sufficient  provision  be  made  for  future  enlargement,  the 
addition  of  more  power  units  at  a  later  date  would  involve 
comparatively  small  expense.  Another  advantage  possessed 
by  this  system  is  that  no  work  on  the  roadbed  is  called  for 
when  it  is  desired  to  change  from  the  use  of  horses,  provided 

For  notice  of  copyright,  see  page  immediately  following  the  title  page. 


2200  ELECTRIC  RAILWAYS. 

that  the  track  is  well  laid  in  the  first  instance.  There  are 
also  no  overhead  wires  to  keep  in  repair  or  present  obstruc- 
tion or  danger,  and,  furthermore,  every  car  is  self-contained 
and  independent  of  all  others.  Several  disadvantages  may 
be  enumerated  against  this  method  which  more  than  coun- 
teract these  decidedly  favorable  points.  The  battel  ies  being 
composed  of  lead  plates,  are  very  heavy  and  require  a  large 
proportion  of  the  available  energy  for  their  transportation. 
-The  weight  necessary  is  about  100  pounds  per  horsepower 
per  hour  with  ordinary  speeds  and  grades;  but  provision 
must  be  made  for  cases  of  emergency  and,  usually,  for 
some  heavy  grades,  so  that  it  has  been  found  necessary  in 
practice  to  provide  for  each  car  a  battery  weighing  3,000  or 
4,000  pounds.  This  dead  weight  is  a  serious  objection;  but 
worse  yet  is  the  fact  that  deterioration  is  extremely  rapid, 
the  cells  having  a  life  of  only  one  year  or  less.  Sudden 
discharging  has  a  detrimental  effect,  and,  in  consequence, 
smaller  motors  must  be  used  than  would  be  installed  on  an 
ordinary  car  having  an  external  source  of  power.  It  follows, 
as  a  matter  of  course,  that  high  speeds  with  storage-battery 
cars,  or  rapid  acceleration  at  starting,  are  not  commercially 
practicable,  and  their  use  is  more  or  less  restricted  to  those 
localities  where  such  requirements  are  not  made. 

3348.  A  street-car  operated  by  storage-batteries  is  very 
similar  in  outward  appearance  to  an  ordinary  car.  The 
motors  are  placed  beneath  the  car  floor,  and  the  battery 
under  the  seats.  A  convenient  method  of  accomplishing  the 
removal  of  the  batteries,  when  substituting  charged  cells  for 
those  run  down,  is  to  have  a  long,  swinging  panel  on  the  side 
of  the  car,  which  will  afford  ready  access  to  the  cells,  or  they 
may  be  placed  on  a  long  board  and  passed  in  through  a  hinged 
panel  at  the  end.  A  better  construction  is  to  provide  space 
for  the  batteries  on  the  truck,  where  they  may  conveniently 
be  supported  without  interfering  with  the  motors.  This 
method  of  carrying  the  batteries  relieves  the  car  frame  of 
the  extra  strain,  so  that  it  may  be  built  lighter  than  when  it 
has  to  accommodate  such  a  heavy  weight.     It  is  usually  nee- 
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essary  to  provide  two  or  three  sets  of  accumulators  for  each 
car,  in  order  that  there  may  always  be  one  set  in  readiness 
for  use,  and  to  make  allowance  for  any  cells  which  may  be 
laid  aside  for  repair  or  renewal.  The  E.  M.  F.  of  an  accu- 
mulator cell  may  be  taken  as  about  1.9  volts,  from  which 
may  be  calculated  the  number  of  cells  required  to  operate  a 
given  motor.  Those  for  a  street-car  may  be  about  108  in 
number,  giving  an  E.  M.  F.  of  about  205  volts.  Speed  reg- 
ulation is  effected  by  changing  the  battery  connections,  this 
being  accomplished  automatically  by  means  of  a  special 
switch  or  controller  on  the  car  platform. 


ELECTROMAGNETIC    SYSTEMS. 

3349.     The    electromagnetic  traction    system    is 

one  which  provides  an  insulated  conductor  for  the  supply  of 
current,  and  in  which  a  series  of  automatic  switches  oper- 
ated by  the  moving  car  make  contact  between  successive 
sections  of  an  insulated  rail  and  the  conductor.  By  this 
means  only  a  short  length  of  exposed  conductor  is  at  any 
time  active,  and  liability  to  accidents  is  thereby  much 
decreased,  the  insulation  of  the  line  being  also  considerably 
improved.     A  diagram  of  this  system  is  given  in  Fig.  1231, 


•-a 


Fig.  1231. 

where  G  is  the  generator  at  the  station,  /  /,  the  track,  m  the 
main  conductor  connected  through  the  switches  s,  j,  etc., 
with  the  insulated  sections  r,  r,  r,  etc.,  of  the  third  or 
middle  rail.  As  the  car  passes  over  each  section,  it  is 
connected  to  the  positive  terminal  of  the  generator,  and  the 
current  flows  through  the  motors  to  the  rails  and  so  back  to 
the  station      The  switch  is  enclosed  in  a  rectangular  box 
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located  between  the  middle  rail  and  one  of  the  track  rails, 
and  is  provided  with  a  non-magnetic  metal  cover  hermet- 
ically sealed  to  prevent  water  from  entering.  Directly 
under  this  cover  and  connected  to  the  switch-lever  are 
two  armatures,  which  are  alternately  attracted  by  magnets 
on  the  car,  one  at  the  front  and  the  Other  at  the  rear  end,  so 
that  any  section  has  current  in  it  only  so  long  as  the  car  is 
passing  over  it.  For  collecting  the  current,  a  wheel  or  sliding 
shoe  is  used,  a  sweeper  of  stiff  bristles  being  placed  in  front 
to  clear  away  any  obstruction.  The  magnets  may  be  per- 
manent ones  of  steel  or  electromagnets  energized  by  a  bat- 
tery carried  on  the  car. 

3350.  Another  electromagnetic  traction  system  em- 
ploys the  so-called  button  metUod.  The  buttons  are  con- 
tact blocks  placed    between  or  alongside  the  tracks,  from 
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Fig.  1232. 

which  the  current  is  taken  by  long  sliding  shoes  secured  to 
the  car  frame.  These  contact  blocks  are  normally  out  of  cir- 
cuit, and  only  become  "alive"  just  before  the  shoe  reaches 
them,  being  cut  out  again  as  soon  as  the  car  passes.  The 
means  by  which  this  is  accomplished  is  shown  diagrammat- 
ically  in  Fig.  1232.  At  the  upper  portion  of  the  figure  is 
the  car  carrying  a  battery  B,  from  the  positive  terminal  of 
which  connection  is  made  to  one  of  the  shoes  6^  on  the  car 
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frame,  and  from  the  negative  terminal,  to  the  wheels  and 
track.  The  rails  are  marked  r  and  r^\  but  for  the  sake  of 
clearness  the  wheels  are  shown  as  running  on  one  rail 
only.  On  starting  up  the  car,  since  all  the  switches  z,  z^ , 
etc.,  are  open,  an  initial  current  must  come  from  the  battery 
B^  which  will  at  once  close  the  switches  nearest  to  the  car 
by  means  of  the  electromagnets  in  circuit.  This  current 
may  pass  through  the  motor  J/,  as  shown  in  the  figure,  in 
which  case  it  may  be  used  to  propel  the  car  over  considera- 
ble distances  should  the  line  current  fail  or  some  of  the  con- 
tact switches  refuse  to  work.  On  a  down-grade  track  the 
contact  blocks  may  be  entirely  omitted,  as  no  power  is 
required  except  for  starting,  and  this  the  battery  is  able  to 
supply.  In  this  case  an  auxiliary  switch  is  used  to  connect 
wires  3  and  4,  and  the  circuit  from  the  battery  is  simply 
through  the  motor  and  the  rheostat  R.  Under  the  usual 
working  conditions,  current  is  taken  from  the  main  conduct- 
or, shown  at  the  bottom  of  the  figure,  and  the  switches  z^  , 
z^  being  already  closed,  the  contact  blocks  r, ,  c^  will  be  con- 
nected to  the  main.  There  are,  it  will  be  seen,  always  two, 
and  for  a  short  space  of  time  three,  switches  closed.  In  the 
position  of  the  car  shown  in  the  figure,  the  current  passes 
through  the  switch  z^  and  wire  1  to  the  contact  block  r, ; 
thence  through  the  shoe  S  and  wire  2  to  the  rheostat  R. 
The  E.  M.  F.  of  the  current  from  the  mains  is  slightly 
higher  than  the  battery  E.  M.  P.,  so  that  the  current  divides 
at  R,  some  being  used  to  charge  the  battery,  passing  through 
it  to  the  ground,  but  the  greater  amount  going  through  the 
rheostat  and  motor  to  the  second  shoe  S^.  From  here  it 
will  go  round  the  upper  winding  of  the  magnet  of  switch 
z^,  through  wire  5  to  the  lower  winding  of  z  j,  and  from  there 
by  wire  6  to  the  ground  or  rails.  If  the  car  is  moving  towards 
the  left,  it  will  be  seen  that  the  contact  c^  is  alive  before  the 
shoe  reaches  it,  so  that  there  is  no  interruption  to  the  sup- 
ply of  power;  also,  on  leaving  any  contact  block,  as  r, ,  there 
is  no  sparking,  because  there  is  already  another  path  for 
the  current  through  c^.  When  the  car  is  moving  in  the  other 
direction,  to  the  right,  the  contact  block  c^  is  connected  to 


^204  ELECTRIC  RAILWAYS. 

the  main  as  soon  as  the  shoe  5^  touches  c^ ,  so  that  the  car 
will  travel  in  either  direction  with  equal  facility.  The  con- 
tact blocks  are  placed  in  two  rows  at  distances  of  eight  feet, 
and  the  car  body  will  therefore  project  over  all  those  which 
are  charged  with  current  and  prevent  possible  injury  to  per- 
sons or  horses  stepping  upon  them. 

3351.  One  of  the  chief  advantages  of  such  a  system  as 
this  is  the  high  insulation  which  may  be  obtained,  owing  to 
the  fact  that  the  whole  of  the  active  conductor  is  discon- 
nected from  service  except  at  those  points  where  a  car  is 
passing.  The  switch  magnets  s,  z^,  etc.,  are  placed  in  pairs 
in  water-tight  boxes  alongside  one  of  the  rails  on  the  outside 
of  the  track.  The  cover  is  in  the  form  of  a  diving-bell,  so 
that  no  water  can  possibly  reach  the  magnets,  which  are 
raised  above  the  bottom  of  the  box.  The  leakage  from  the 
contact  blocks,  which  are  held  on  insulated  supports, 
amounts  to  little,  even  under  the  worst  conditions  of  im- 
mersion in  melting  snow. 


THE    CONDUIT    SYSTEM. 

3352.  The  open-conduit  system  is  coming  into  exten- 
sive use,  notwithstanding  the  fact  that  the  expense  of  con- 
struction is  very  high  as  compared  with  other  systems. 
Two  bare  conductors  are  used,  which  are  held  on  insulating 
supports  in  the  upper  part  of  a  channel,  or  conduit,  built  in 
the  roadway  between  the  car  rails.  The  general  method  of 
construction  is  shown  in  Fig.  1233,  the  conductors  a,  a  of 
circular  cross-section  being  held  at  frequent  intervals  by  the 
insulated  clamps  b.  Two  trolley-wheels  supported  on  a 
frame  c,  attached  to  the  car  frame,  make  contact  with  the 
conductors,  being  themselves  connected  with  the  wires 
leading  to  the  motors,  but  insulated  from  each  other,  as  the 
full  working  E.  M.  F.  of  500  volts  is  maintained  between 
the  conductors.  There  are  many  ways  of  securing  thie 
wheels,  but  the  principle  of  spring  pressure  is  generally 
used.     The  conduit  is  about  twenty  inches  deep  by  fourteen 
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inches  wide,  and  the  width  of  the  slot  is  five-eighths  or 
three-fourths  of  an  inch.  The  yokes  y  are  spaced  about 
four  feet  apart,  and  usually  extend  under  the  rails  on  each 
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Fig.  1233. 

side,  as  this  tends  to  prevent  slot  closure  or  narrowing  of  the 
space  in  which  the  trolley  frame  moves.  Since  the  con- 
ductors are  intended  to  preserve  a  straight  line  and  are  of 
heavy  section  {\  in.  or  |  in.  diameter),  it  is  customary  to 
provide  expansion-joints  about    every  500  feet  ;  these  may 


Fig.  1231. 


consist  simply  of  a  loop,  a  break  in  surface  continuity  being 
avoided  by  a  bridge  riveted  to  one  side.  To  afford  protec- 
tion to  the  conductors  from  water  or  pieces  of  metal  falling 
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into  the  conduit,  the  slot  rails  </,  d  huve  projecting  lips;  the 
conduit  is  also  provided  with  sewer  connections  for  drainage. 
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Fig.  1235. 


3353.  A  successful  conduit  road  has  been  established 
at  Washington,  D.  C,  in  which  the  details  of  construction 
are  somewhat  different  from  the  above,  although  the  prin- 
ciples involved  are  similar.     The  conductor  a,  Fig.  1334,  is 
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in  section  a  T  bar,  supported  by  the  projecting  flange 
behind,  which  is  bolted  to  an  adjustable  clip  b,  held  on  an 
insulating  pin  c.  The  shell  d,  into  which  the  pin  is  ce- 
mented, is  dropped  into  place  from  above  and  covered  with 
the  plate  e.  On  the  right-hand  side  of  the  figure  is  shown  a 
section  through  a  manhole.  The  framework  carrying  the 
moving  contact  pieces  is  shown  in  Fig.  1235.  The  insulated 
leads  from  the  controller  are  brought  down  at  /,  /,  and  each 
of  them  secured  to  one  of  the  shoes  j,  j,.  These  are  pressed 
outwards  against  the  conductor  rails  by  leaf  springs  a,  a. 
The  contact  shoes  are  renewable,  being  held  in  place  by 
means  of  the  bolts  ^,  b. 

3354.  It  is  very  necessary  that  the  yokes  should  be 
well  designed  and  strong,  to  resist  the  pressure  of  the  earth 
(which  is  packed  down  by  heavy  traffic)  and  the  tremendous 
pressure  in  cold  climates,  due  to  the  freezing  of  the  soil,  with 
its  accompanying  expansion.  Wrought  iron,  steel,  and  cast 
iron  have  been  employed  for  this  purpose,  the  last  named  per- 
haps being  used  the  most.  When  yokes  of  light  weight  are 
put  in,  trouble  is  often  occasioned  by  breakage.  The  con- 
duit may  be  lined  with  steel  plates,  or  it  may  be  constructed 
of  concrete  alone  on  the  sides  ;  in  some  cases,  the  metal 
yokes  have  been  replaced  by  concrete,  but  the  best  practice 
is  to  employ  heavy  castings,  ranging  in  weight  from  200  to 
400  pounds  or  more,  according  to  the  depth  of  conduit  and 
the  amount  of  wagon  traffic  expected. 


THE  THIRD-RAIL  SYSTEM. 

3355.  This  system  has  a  most  promising  future  before 
it,  and  seems  to  bid  fair  to  become  the  only  method  which 
will  be  used  to  supply  electric  power  to  locomotives  for  inter- 
urban  or  long-distance  roads.  In  high-speed  work  it  is  ad- 
visable, if  not  absolutely  necessary,  to  employ  as  an  active 
conductor  one  which  will  not  sag,  but  will  present  a  smooth, 
straight  surface,  upon  which  the  collectors  on  the  car 
may  slide.      This  conductor  is  usually   in    the  form  of   an 
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additional  rail  laid  between  or  alongside  the  service  rails  upon 
which  the  car-wheels  run.  Some  difficulty  has  been  ex- 
perienced or  anticipated  in  regard  to  insulation,  but  it  is 
found  that  there  is  no  trouble  on  this  score  when  the 
E.  M.  F.  does  not  exceed  about  500  volts,  Avhich  is  the  usual 
working  pressure  on  all  electric  railways. 

On  the  Nantasket  Beach  and  East  Weymouth  Road,  the 
third    rail    r,   Fig.    1236,  is  made    in   30-foot    lengths,    and 


Fig.  1236. 

weighs  93  pounds  to  the  yard.  In  cross-section  it  is  in  the 
form  of  a  flattened  A,  the  downward-projecting  flanges  giv- 
ing the  requisite  stiffness  between  supports.  There  are 
three  of  these  supports  to  each  rail,  one  at  the  middle  and 
one  close  to  each  end;  they  are  simply  short,  wooden  posts 
a  let  into  the  cross-ties  and  creosoted  to  prevent  absorption 
of  moisture.  Creosoting  consists  in  expelling  all  air  from 
the  wood  in  vacuum  chambers  and  filling  the  pores  with  a 
tar  compound;  the  insulation  obtained  is  very  high.  Elec- 
trical continuity  through  the  rail  circuit  is  assured  by 
means  of  copper  bond  wires,  which  are  riveted  to  the  ends 
of  abutting  rails  to  supplement  the  otherwise  poor  contact 
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which  would  be  afforded  by  the  fish-plates.  Under  the  head 
of  Track  Construction  this  subject  will  be  fully  considered. 
There  are  two  contact  shoes  and  frames  to  each  motor-car, 
placed  33  feet  apart,  so  that  at  road  crossings  the  third  rail 
may  be  omitted  and  the  inertia  of  the  moving  car  be  de- 
pended upon  to  carry  it  over.  When  the  width  of  road  is 
less  than  33  feet,  there  will  be  no  break  at  all.  The  shoes  s 
are  suspended  by  links  /,  /,  allowing  some  vertical  motion, 
so  that  there  is  always  maintained  a  proper  contact  with  the 
rail,  and  current  is  supplied  by  means  of  a  flexible  cable 
attached  to  the  terminal  /.  The  car  is  propelled  by  means 
of  two  motors,  each  of  125  horsepower,  which  will  permit  a 
speed  of  over  70  miles  an  hour. 

3356.  The  advantages  of  the  third-rail  system  are  that 
the  construction  of  the  active  conductor  can  be  of  a  more 
solid  and  permanent  character  than  is  the  case  with  a  sus- 
pended wire,  and  it  is  at  all  times  easy  of  access  for  inspec- 
tion or  repair.  On  long-distance  roads  the  tracks  would  be 
fenced  in  to  prevent  accidents,  so  that  danger  to  persons, 
due  to  contact  with  the  live  rail,  would  be  minimized. 


■ 


THE   OVERHEAD   TROLLEY  SYSTEM. 

3357.  From  its  applicability  to  ordinary  street  traffic, 
the  overhead  trolley  system  has  met  with  more  general 
adoption  than  any  other  method  of  electric  traction,  due 
principally  to  the  characteristic  features  of  smaller  first  cost 
and  ease  of  insulating  the  working  conductors.  Objection 
is  made  by  some  people  to  the  use  of  overhead  wires,  on  the 
ground  that  they  interfere  with  the  operations  of  the  fire 
brigade  when  called  out  on  service;  but  the  feeder  wires 
may  be  strung  so  as  to  be  out  of  the  way  or  even  laid  under- 
ground, and  the  live  wires  are  near  the  middle  of  the  street. 
By  means  of  switches  along  the  line,  any  section  may  be 
temporarily  cut  out  of  circuit,  thus  eliminating  all  danger 
of  shock.  The  question  of  appearance  is  sometimes  brought 
up  as  an  argument  against  the  use  of  the  overhead  con- 
ductors, but  with  the  employment  of  center  poles  or  single 
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side  poles  with  brackets,  this  objection  will  hardly  hold.  In 
crowded  city  streets  with  a  large  passenger  traffic,  the  con- 
duit system  may  be  substituted  with  advantage,  but  in  out- 
lying districts  a  more  reliable  service  may  generally  be 
obtained  with  the  overhead  construction. 

3358.  The  standard  overhead  trolley  system  employs  for 
an  active  conductor  a  single  copper  wire  in  n,  Fig.  1237,  not 
smaller  than  No.  0  Brown  &  Sharpe  gauge,  and  very  fre- 
quently No.  00  or  000,  or  0000.     The  current  passes  from 
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Fig.  1237. 

the  positive  pole  of  the  dynamo  d  in  the  power  station, 
along  the  wire  to  the  point  /,  where  the  trolley-wheel  makes 
contact.  From  here  it  flows  through  the  pole/  on  the  roof 
of  the  car  C,  or  through  insulated  wires  within  it,  thence  to 
the  controlling  mechanism  on  the  car  platform,  by  means  of 
which  the  speed  of  travel  may  be  regulated  within  the  limits 
of  the  motors.  Interposed  in  the  circuit  through  the  car 
are  lightning-arresters,  fusible  cut-outs,  and  switches.  The 
motors  r  are  placed  beneath  the  car  floor,  and  the  current 
passes  from  them  through  the  car  axles  and  wheels  to  the 
rails  X  y,  which  are  connected  to  the  minus  terminal  of  the 
generator  and  also  to  ground.  The  car  is  shown  more  in 
detail  in  Fig.  1238.  The  controllers  c,  c^  are  placed  in  up- 
right iron  cases  on  the  platforms,  one  at  each  end,  and  are 
operated  by  the  handles  on  the  top ;  the  shorter  handles  n,  ii^ 
are  reversing-levers  for  changing  the  direction  of  travel  of 
the  car.  Under  the  car  are  the  motors  in,  in^  in  dust-proof 
cases;  on  the  armature  shafts  are  pinions  a,  a^  which  engage 
with  the  gear-wheels  b,  h^  fixed  rigidly  to  the  wheel  axles. 
In  a  convenient  position  is  the  starting  rheostat  r,  contain 
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ing  resistance  which  is  put  in  series  with  the  armature  when 
starting  the  motors,  or  in  some  cases  used  partly  for  this 
purpose  and  partly  as  a  shunt  across  the  field  windings  for 
regulation  of  speed.  Beneath  the  seats  in  the  car  are  the 
heaters  /i  on  an  independent  circuit.  For  interior  illumina- 
tion there  are  usually  five  lamps  /,  which  are  connected  in 


Fig.  1338. 


series  between  the  trolley  /  and  the  wheel  axles  (or  ground), 
thus  utilizing  the  full  working  potential  of  500  or  550  volts. 
One  lamp  is  placed  at  each  end  (Z^,  /,)  to  illuminate  a  colored 
signal  glass  on  the  outside. 


ROLLIXG-STOCK. 
3359.     The  rolling-stock   of   an   electric  road    may   be 
arranged    under   two   heads:    motor-cars   and    trailers. 

We  shall  consider  the  former  only,  since  the  trailer  is  merely 
a  somewhat  lighter  car,  provided  with  a  draw-bar  for  at- 
tachment  to  a   motor-car,    and    is    designed    only   as    an 


2212  ELECTRIC  RAILWAYS, 

auxiliary  when  traffic  is  unusually  heavy.  The  frame  of  the 
motor-car  must  be  specially  strong  and  well  built,  as  the 
time  occupied  in  starting  and  stopping  is  much  shorter  than 
is  the  case  with  cars  operated  on  other  systems.  The  floor- 
ing should  also  be  arranged  for  convenient  removal  of  sec- 
tions immediately  over  the  motors,  to  allow  of  inspection 
and  attention  while  the  car  is  in  motion,  or  at  any  time 
when  it  is  not  practicable  to  obtain  access  from  beneath. 
When  an  overhead  trolley  is  used,  the  roof  should  be  strong 
enough  to  support  the  trolley  stand,  as  well  as  the  weight 
of  workmen  who  may  occasionally  be  required  to  repair  it. 

3360.  Cars  are  constructed  according  to  many  differ- 
ent designs,  depending  upon  the  particular  uses  to  which 
they  are  put.  For  small  lines,  a  closed  four-wheel  car  six- 
teen feet  in  length,  similar  to  that  shown  in  Fig.  1238,  is 
most  used,  since  it  may  be  run  all  the  year  round.  Some 
roads  have  the  trucks  so  arranged  that  the  body  of  the  car 
may  be  removed  and  an  open  summer-car  body  substituted, 
thus  making  use  of  the  same  motors.  Long  cars,  measur- 
ing 26  feet  or  more  along  the  body,  are  generally  provided 
with  double  four-wheeled  trucks,  the  distance  between  the 
axles  of  each  truck  being  equal  to  about  the  gauge  of  track, 
or  a  trifle  less.  In  countries  where  the  winter  is  severe,  it 
is  customary  to  provide  a  closed  platform  at  each  end,  the 
door  being  on  the  side;  this  is  called  a  vestibule  car.  As  a 
protection  to  the  motorman  in  very  cold  weather,  this  style 
of  car  is  to  be  recommended,  but  it  is  best  to  have  the  ves- 
tibule shut  off  from  the  interior  of  the  car,  and  well  venti- 
lated, to  prevent  the  condensation  of  moisture  on  the  glass, 
which  would  obstruct  the  view.  Another  form  of  car  is 
built  with  the  vestibule  in  the  side,  but  this  is  used  only  with 
long  cars  on  double  trucks.  The  vestibule  construction  is, 
in  general,  adopted  only  for  cars  stopping  at  rather  long 
intervals.  Double-deck  cars,  providing  accommodation  for 
passengers  on  the  roof,  are  used  iti  some  localities.  Some 
of  the  handsomest  of  this  class  have  side  vestibules  and 
stairs  and  a  covered  upper  deck,  at  one  end  of  which  is  an 
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enclosed  compartment  for 
the  motorman,  similar  to 
the  pilot-house  on  a  river 
steamboat. 

3361.  The  rolling- 
stock  equipment  is  not 
complete,  in  northern 
countries,  without  a  snow- 
sweeper.  In  Fig.  1239  is 
shown  one  of  these,  the 
propelling  motors  being 
omitted  for  the  sake  of 
clearness.  A  long  four- 
wheeled  car  truck  a  is  pro- 
vided at  the  ends  with 
hinged  brackets  b,  pivoted 
to  the  frame  at  c,  and  car- 
rying at  their  lower  ends 
heavy  cylindrical  brooms 
d,  d,  set  at  an  angle  of 
about  45°  to  the  track. 
Each  broom  is  independ- 
ently adjustable  by  means 
of  a  handle  h,  and  can  be 
locked  in  any  position. 
The  brooms  are  revolved 
independently  of  the  mo- 
tion of  the  car  by  a  motor 
»/  in  the  car  body,  which 
transmits  the  power  to 
them  by  means  of  a  chain 
running  on  the  sprocket- 
wheels  s,  s.  It  will  be  seen 
that  the  brooms  are  so 
placed  that  they  follow 
separate  paths,  clearing 
away  the  snow  for  a  short 
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distance    on    each    side    of    the    rails,    and    throwing   it  fai 
enough  to  clear  the  car. 


TRUCKS. 

3362.  The  truck  is  an  exceedingly  important  part  of 
the  road  equipment,  for  upon  its  excellence  of  design  and 
building  depends  not  only  the  comfort  of  the  passengers  but 
the  question  of  cost  of  maintenance.  The  trucks  must  be 
entirely  self-contained,  that  is,  the  one  framework  must  sup- 
port the  wheels  and  axles,  the  wheel-guards,  brakes,  motors, 
and  driving-gear.  This,  in  reality,  constitutes  the  car,  com- 
bining all  the  essential  parts;  for  the  car  body  above  is 
merely  a  framework  arranged  for  the  convenience  of  pas- 
sengers, having  none  of  the  more  vital  parts  necessary  to 
operation,  except  the  current-collecting  apparatus  in  the 
case  of  the  overhead  trolley  system,  and  even  this  is  dis- 
pensed with  in  the  conduit,  or  third-rail,  system,  now  rapidly 
developing.  We  must  not,  however,  overlook  the  fact  that 
in  all  methods  of  electric  traction  the  car  body  has  a  most 
severe  duty  imposed  upon  it,  due  to  rapid  acceleration  at 
starting  and  an  equally  heavy  strain  when  the  brakes  are 
suddenly  applied  in  stopping;  so  that  this  portion  of  the  car 
requires  very  good  design  and  conscientious  work,  as  any 
serious  fault  in  construction  will  soon  become  apparent  after 
the  car  is  put  into  commission.  The  ordinary  street-car 
truck  is  provided  with  four  wheels,  each  pair  being  driven 
by  an  independent  motor;  this  arrangement  gives  the  high- 
est traction  efficiency,  as  all  the  wheels  are  drivers  and  take 
the  whole  weight  of  the  car. 

3363.  It  will  be  readily  understood  that  the  principle 
of  spring  suspension  must  be  applied  to  the  heavy  motors 
required  to  propel  the  car,  as  without  this  provision  the 
hammer  blow  on  the  track,  when  passing  over  inequalities 
or  bad  joints,  would  very  quickly  break  it  up.  There  is 
always  the  weight  due  to  the  wheels  and  axles,  but  this  can 
not  be  avoided,  and  it  is  not  a  very  serious  matter  if  the 
weight  of  the  motor  is  not   added.     The  method  of  suspen- 
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sion  is  shown  in  Fig.  1240;  the  motor  Mis  held  by  the  lugs 
/.  /,  which  rest  on  springs  s,  s,  these  being  in  turn  supported, 
one  by  a  stringer/"  on  the  car  frame,  and  the  other  by  the 
yoke  J'  resting  on  the  wheel  axle.  Rebounding  is  prevented 
by  the  upper  springs  J,,  J,,  bolts  df,  d  passing  through  to  the 
frame  and  yoke.  The  yoke  is  pivoted  at  one  end  on  the 
v>'heel  axle  at  a,  and  at  the  other  end  passes  over  the  arma- 
ture shaft  carrying  the  pinion  d.     By  this  arrangement  the 


Fig.  laio. 

distance  between  the  pinion  and  the  gear-wheel  c  is  main- 
tained constant,  the  motion  of  the  motor  relative  to  the  axle 
being  in  a  circular  path. 

3364.  A  complete  four-wheel  truck,  showing  the  differ- 
ent parts  in  position,  is  illustrated  in  Fig.  1241,  where  the 
motors  M,  /!/,  are  supported  by  the  bolts  ^,  d,  ^„  d^  with  in- 
terposed rubber  cushions  to  give  flexibility.  The  gears 
g;  g^  are  covered  by  cases  c,  f ,  to  exclude  dust,  which  is  very 
destructive  to  the  teeth,  causing  them  to  grind  each  other 
away  at  the  points  of  contact.  Since  it  is  advisable  to  sup- 
port the  motor  on  springs,  it  is  of  course  equally  necessary 
to  provide  flexible  suspension  for  the  truck  frame  and  car 
body.     For  short  cars  the  springs  j,  s,  s,  s  may  be  sufficient. 
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placed  close  in  to  the  wheels,  although  such  a  construction 
would  have  little  merit.  The  reason  for  providing  a  longer 
spring  base  is  to  prevent  oscillation,  which  is  unpleasant  for 
passengers  and  exerts  a  very  destructive  effect  on  the  car 
body.  The  oscillation  also  takes  the  weight  off  one  pair  of 
wheels  momentarily,  and  causes  them  to  slip,  thereby  dimin- 
ishing their  tractive  power.  For  this  reason  the  spring  base 
is  extended  by  adding  extra  springs  at  5,,  s^.  The  wheels 
tv  are  generally  33  inches  in  diameter,  although  some  are 
made  smaller;  the  bearings  are  outside  the  wheels,  to  give 
stability  to  the  car  body,  the  journal-boxes  j  being  free  to 
move  vertically  through  a  short  distance.  This  arrange- 
ment is  shown  more  clearly  in  Fig.  12-42.     In  the  car  frame 


Fig.  1»«2. 

_/" above  the  journal-box  is  a  recess,  into  which  fits  a  plug/, 
pressing  up  against  a  rubber  cushion  r.  The  plug,  rounded 
on  the  bottom,  rests  in  a  hollow  on  the  upper  surface  of  the 
journal-box,  which  has  also  a  recess  underneath  to  receive  a 
loose-fitting  plug  g.  This  is  held  in  place  by  two  bolts  pass- 
ing through  the  frame,  rendering  repair  or  replacement  of 
the  wheels  and  axles  a  very  simple  matter.  The  bearing  a 
extends  half-way  round  the  shaft,  as  the  pressure  is  in  one 
direction  only. 

Referring  again  to  Fig.  12-41,  the  brakes  are  operated  by 
the  rods  //,  //„  the  illustration  showing  clearly  how  the  vari- 
ous levers  act  when  tension  is  applied ;  the  direction  of  the 
resulting  forces,  when  //  is  drawn  up  by  the  brake  chain,  is 
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indicated  by  arrows,  showing  that  all  the  brake-shoes  k,  k, 
k^,  k^  are  pressed  on  the  wheels,  whichever  rod  {h  or  //,)  is 
used.  To  guard  the  wheels  against  obstructions,  the  pilots 
;//,  7«j  are  bolted  securely  to  the  frame  at  a  sufficient  height 
from  the  track  to  avoid  touching  the  rails. 

3365.  The  wheel-base,  that  is,  the  distance  between 
wheel-centers  as  measured  along  the  rail,  should  not  exceed 
seven  feet  in  a  rigid  truck — more  frequently  it  is  only  six 
feet  six  inches  — since  the  power  required  to  force  the  car 
around  a  curve  increases  greatly  as  the  length  of  the  wheel- 
base  increases,  and  the  wear  on  track  and  wheels  becomes 
excessive.     The  following  curve  diagram.  Fig.  1243,  shows 
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the  force  required  in  pounds  per  ton  to  drag  cars  having 
wheel-bases  of  4  feet,  6  feet,  and  7  feet  around  curves  of  dif- 
ferent radii.  The  force  required  in  the  case  of  each  car  is 
shown  by  the  corresponding  curve.  The  diagram  is  used  as 
the  following  example  shows :  Suppose  we  have  a  track  curve 
of  50  feet  radius,  and  wish  to  know  what  tractive  effort  will 
be  required  to  propel  a  car  around  it,  the  car  weighing  8 
tons  and  having  a  wheel-base  of  7  feet.  To  determine  this, 
find  the  radius  in  the  left-hand  column;  go  along  the  hori- 
zontal line  towards  the  right  until  the  curve  marked  7  ft.  is 
reached  and  from  that  point  straight  downwards,  and  read 
the  answer  in  the  lower  line  of  numbers.      In  this  case,  the 
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line  from  50  on  the 
left  followed  along 
brings  us  to  the 
point  a,  and  on 
carrying  a  line 
down  from  that 
point,  the  value  at 
the  bottom  is 
found  to  read  63. 
Therefore,  the 
force  or  tractive 
effort  required  will 
be  63  pounds  per 
ton,  and  since  the 
car  weighs  8  tons, 
the  total  force  will 
be  8  X  63  =  504 
pounds. 

It  will  be  seen 
that  the  curves  will 
all  meet  at  the  20 
mark  on  the  hori- 
zontal effort  line,  if 
carried  far  enough 
upwards,  which 
shows  that  for  this 
particular  track 
there  is  required 
for  the  straight 
portion  or  tangent 
a  force  or  tract- 
ive effort  of  about 
20  pounds  per 
ton  weight  of  car. 
On  curves  of  large 
radius  the  lines 
<  >n  the  diagram  ap- 
proach each  other, 
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the  length  of  wheel-base  making  very  little  difference;  but 
as  the  radius  decreases,  the  increased  resistance,  due  to  a 
long  wheel-base,  becomes  more  marked.  With  a  forty-foot 
radius,  there  is  a  difference  in  tractive  effort  of  twenty 
pounds  between  a  four-foot  and  a  seven-foot  wheel-base,  and 
a  difference  of  nearly  thirty  pounds  on  a  thirty-foot  radius. 
It  is  evident  that  in  laying  out  a  road,  such  small  curves 
should  be  avoided  where  possible,  or,  if  they  are  unavoidable 
and  frequent,  the  trucks  should  be  modeled  to  suit.  For 
curves  down  to  a  forty-foot  radius,  a  six-foot  wheel-base  will 
not  require  an  excessive  amount  of  power  to  be  expended; 
but  any  arrangement  calculated  to  diminish  this  loss  by  fric- 
tion is  a  good  investment.  To  accomplish  this  object,  car 
trucks  are  built  by  one  manufacturing  concern  which  have 
three  distinct  sections,  each  supported  on  two  wheels.  This 
is  known  as  the  Robinson  Radial  Truck,  Fig.  1244.  The 
three  sections  are  pivoted  at  a  and  b  to  each  other,  and  the 
outer  ones  to  the  car  body  at  c  and  d.  These  latter  are  pro- 
vided with  rollers  r  at  the  corners,  bearing  upon  plates  on  the 
under  surface  of  the  car  frame,  so  that  the  trucks  may  easily, 
and  with  a  minimum  amount  of  friction,  adjust  themselves 
to  any  required  position.  The  center  truck  is  free  to  move 
transversely  with  respect  to  the  car,  guided  by  side  rollers  s 
pressing  against  cross-beams  e.  The  wheel-base  is  made  14 
feet,  yet  the  car  will  run  around  a  sharp  curve,  even  of  25 
feet  radius,  with  apparently  the  same  ease  as  on  the  straight 
track.  An  ordinary  rigid  truck  would  be  quite  likely  to  leave 
the  rails  in  such  a  case.  This  long  wheel-base  entirely  pre- 
vents oscillation  of  the  car,  and  gives  longer  life  to  the 
wheels.  The  motors  are  carried  on  the  end  trucks,  which 
take  very  nearly  the  whole  weight  of  the  car,  as  the  center 
truck  is  of  light  construction  with  small  wheels,  and  is  only 
designed  to  direct  the  others  and  hold  them  at  a  tangent  to 
the  curve. 

3366.  Double  trucks  are  used  on  long,  heavy  cars 
designed  for  interurban  traffic,  and  even  in  large  street- 
railway  systems  when  there  is  sufficient  traffic  to  warrant 
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the  expense.  One  of  these  trucks  is  illustrated  in  Fig.  1245. 
The  motor  is  geared  to  the  large  wheels  IV,  on  which  is 
placed  as  much  as  possible  of  the  weight  supported  by  this 
truck  (there  being  two  for  each  car)  to  increase  the  adhesive 
power,  while  the  small  wheels  w  serve  to  guide  the  truck. 


Fig.  1245. 
Double  trucks  having  all  the  wheels  of  the  same  diameter 
are  also  made,  but  in  all  cases  the  main  point  is  to  put  the 
weight  of  the  motor  on  that  pair  of  wheels  which  drives  the 
car.     Sometimes  two  motors  are  placed  on 
each  truck,  by  which  method  full  adhesive 
power  is  obtained,  but  it  is  generally  more 
convenient   to   have   one   motorj    of  ample 
capacity,  on  each  truck. 

3367.  The  springs  used  on  car  trucks 
are  often  made  graduated,  that  is,  stiffer  at 
t)ne  part  than  at  another,  so  that  the  lighter 
portion  may  move  under  a  light  load  and  the 
stronger  part  sustain  a  heavy  load.  There 
are  two  methods  in  use  for  accomplishing 
this  result,  one  employing  two  rubber  cones 
*■,  r.  Fig.  1246,  inside  a  helical  steel  spring  pio.  i»«. 
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and    nearly    touching  each  other.     When  a  heavy    load  is 

imposed,    the    cones   come    together   and    assist    the    steel 

spring.      One  of  these  cones  may  be  of 

^^^ iron,  when  less  elasticity  is  required. 

The  keg-shaped  spring.  Fig.  1247,  is 
another  form  giving  rapidly  increasing 
resistances,  the  large  coils  being  more 
flexible  than  the  smaller  ones. 

BRAKKS. 

3368.  The  question  of  brakes  is  a 
most  important  one,  more  so  in  the  case 
of  electric  cars  than  of  those  propelled  in 
other  ways,  because  the  moving  weight 
is  so  much  greater  and  the  speed  is 
higher.  The  kinetic  energy  of  a  moving 
Fig  1347  body  increases  directly  with  the  weight 

and  as  the  square  of  the  velocity,  so  that 
the  retarding  power  necessary  increases  accordingly.  To 
accomplish  this  by  hand  power  requires  a  great  and  pro- 
longed effort  on  the  part  of  the  motorman,  who  can  not 
then  use  his  strength  to  the  best  advantage,  and  is  unable 
to  accomplish  an  emergency  stop  within  a  very  short  dis- 
tance. Power  brakes  are  therefore  coming  into  more  gen- 
eral use.     They  may  be  arranged  under  five  heads: 

1st.   Air-brakes. 

2d.    Brakes  operated  by  current  from  storage-batteries  on 

the  car. 
3d.    Brakes  operated  by  current  from  the  line. 
4th.  Motors  used  as  brakes. 
5th.  Electromagnetic  brakes. 


3369.  Air-brakes  may  be  considered  the  natural  out- 
come of  the  adaptation  of  electricity  to  long-distance  rail- 
roads, since  this  system  is  in  universal  use  on  steam  roads. 
In  its  application  to  electric  cars,  the  air-brake  may  be  con- 
sidered  as   supplementary  to  the   hand  brake,  one  or  the 
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other  being  used,  as  desired,  and  each  acting  on  the 
same  brake-shoes.  Fig.  1248  shows  a  plan  of  a  car  thus 
equipped.  The  steam  air-pump  of  a  locomotive  is  replaced 
here  by  an  electric  compressor  r,  driven  by  a  small  motor 
supplied  with  current  from  the  line.  This  compressor  is  put 
in  or  out  of  action  automatically  by  a  regulator  r,  consisting 
of  a  rheostat  and  switch,  the  position  of  which  is  dependent 
on  the  pressure  in  the  reservoir  /.  When  this  falls  below  a 
certain  limit,  the  motor  of  the   compressor  starts  up  and 


Fig.  1248. 

pumps  in  more  air,  thus  keeping  the  pressure  very  nearly 
constant.  If,  in  descending  a  steep  hill,  the  trolley-wheel 
were  to  leave  the  wire,  there  would  still  be  sufficient  air  in 
the  reservoir  to  stop  the  car,  and  that  being  accomplished,  the 
hand  brake  could  be  set  to  hold  it.  Two  main  pipes  are  car- 
ried along  the  truck  frame;  the  one  marked  a  in  the  figure  is 
the  air-pipe,  affording  communication  between  the  reservoir 
/  and  the  controlling  valves  r',  7\ — one  at  each  end  of  the  car; 
the  other  pipe,  marked  b^  is  the  brake-pipt\  running  from  the 
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controlling  valves  to  the  brake-cylinder  s.  Within  reach  on 
each  platform  are  the  whistles  7V,  w  connected  with  the  air- 
pipe,  which  always  has  the  reservoir  pressure.  When  it  is 
necessary  to  stop  the  car,  air  is  admitted  into  the  brake-pipe 
b  by  means  of  the  valve  v,  and  the  pressure  on  the  piston  in 
the  brake-cylinder  s  drives  forwards  the  connecting-rod  d  and 
the  lever  /.  The  brake  mechanism  is,  from  this  point,  very 
similar  to  that  shown  in  Fig.  124L 

This  system'  of  braking  is  certainly  a  step  in  advance,  and 
its  practicability  is  of  course  well  known  through  its  uni- 
versal application  to  steam  roads;  but  a  disadvantage  is 
nevertheless  to  be  found  in  the  fact  that  extra  power  is  re- 
quired to  stop  the  car,  while  the  energy  thus  opposed  is 
entirely  lost,  being  transformed  into  heat  at  the  brake-shoes, 
and  not  utilized. 

3370.  The  second  system  of  those  enumerated  in  Art. 
3368,  i.  e.,  the  use  of  storage-batteries,  can  hardly  be 
ranked  as  much  more  than  a  possibility,  owmg  to  the  ex- 
pense of  maintenance  and  of  recharging,  as  well  as  the  high 
first  cost  of  the  battery. 

3371.  The  third  system  is  not  sufficiently  reliable  to 
need  extended  description,  from  the  fact  that  the  brake 
would  become  inoperative  in  case  the  line  current  were  to 
fail,  and  should  this  occur  when  the  car  was  on  a  grade,  the 
consequences  might  be  serious. 

3372.  The  fourth  method,  that  of  using  the  motors 
themselves  to  stop  the  car  by  short-circuiting  them  through 
a  resistance,  is  to  be  recommended  from  the  fact  that  such 
a  braking  system  is  self-contained  and  independent  of  the 
line.  The  resistance  may  be  introduced  in  the  armature 
circuit  immediately  on  disconnecting  from  the  supply  wire, 
and  may  be  cut  out  gradually,  bringing  the  car  to  a  stop 
within  any  required  distance.  A  disadvantage  is  the  fact 
that  this  braking  method  is  severe  on  the  gears,  although  it 
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should  be  remembered  that  the  reverse  faces  of  the  teeth 
are  then  used.  A  sudden  short-circuiting  is  also  liable  to 
strip  the  pinion. 


3373.  A  modification  of  this  system  is  very  useful  in 
emergencies,  as,  for  instance,  when  the  current  fails  in  de- 
scending a  hill  and  the  brakes  are  not  sufficiently  powerful 
to  stop  the  car.  The  means  for  using  it  is  always  at  hand 
on  cars  equipped  with  two  motors  and  series-parallel  con- 
trol. This  method  consists  in  working  one  machine  as  a 
dynamo  and  employing  the  current  so  generated  to  turn  the 
other  machine  in  reverse  direction  as  a  motor.  It  is  neces- 
sary, first  of  all,  to  open  the  canopy  switch,  in  order  that  the 
motors  may  not  be  suddenly  put  into  operation  on  restoration 
of  power  to  the  line.  The  motors  then  being  no  longer  in 
connection  with  the  trolley-wire,  the  reversing-lever  is 
pushed  back  and  the  controller  is  moved  to  one  of  the 
parallel  notches.  This  action  places  the  two  motors  in  series 
with  each  other,  as  i 

shown  in  Fig.  1249 
(wherey^,y"'and«,  a! 
represent,  respect- 
ively, the  field  coils 
and  the  armatures 
of  the  two  motors), 
al  t  hough  they 
would  be  in  parallel 
in  respect  to  a  cur- 
rent passing  from 
the  trolley  to  the 
rails.  Since  the 
car  is  supposed  to 
be  running  by  the 
force     of      gravity,  P'*^-  '^'^^^ 

both  motors  are  being  driven  by  the  car-wheels,  through 
the  gears,  and  become  dynamos.  However,  a  series-wound 
machine  running  as  a  motor  can  not  be  operated  as  a  dynamo 
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without  reversing  either  the  armature  or  the  direction  of 
rotation,  because  the  first  feeble  current  generated  flows 
in  such  a  direction  that  it  neutralizes  the  magnetism  of  the 
field  instead  of  building  it  up.  On  the  other  hand,  if  the 
armature  connections  are  reversed,  which  is  accomplished 
by  moving  back  the  reversing-lever,  as  already  mentioned, 
the  small  currents  at  first  generated  pass  around  the  field- 
magnets  in  such  a  direction  as  to  strengthen  them,  and  the 
machine  operates  at  once  if  the  external  circuit  is  closed. 
In  this  case  we  have,  therefore,  two  dynamos  which,  when 
connected  as  shown,  tend  to  send  a  current  through  each 
other  in  the  direction  indicated  by  the  arrows.  The  two 
machines  can  not,  however,  be  of  exactly  equal  power,  so  the 
weaker  one  is  overcome  by  the  stronger,  and  current  is  sent 
through  it  in  the  reverse  direction  to  its  usual  path  from  the 
trolley,  thereby  tending  to  stop  its  rotation,  which  it  in 
fact  effectually  accomplishes,  and  of  course  slows  down  the 
car.  As  the  speed  decreases,  the  electrical  effect  diminishes 
until  it  practically  disappears.  The  speed  may  then  be  low 
enough  for  the  hand  brake  to  hold  the  car.  If  the  rails  are 
slippery  with  ice  or  sleet,  it  may  be  necessary  to  allow  the 
car  to  go  ahead  again  and  once  more  slowed  down  by  the 
means  here  described,  this  series  of  operations  being  con- 
tinued until  the  line  current  is  available,  which  will  be 
shown  by  the  lamps  lighting  up,  for  the  lamp  circuit  should 
be  kept  closed  for  this  purpose. 

It  will  be  evident  that  the  series  stops  of  the  controller 
can  not  be  used  in  the  above  method  of  braking,  but  that  the 
motors  must  at  once  be  connected  into  a  complete  local  cir- 
cuit by  moving  the  controller  handle  to  a  parallel  notch. 

3374.  The  fifth  method  is  one  which  is  more  likely  to 
find  general  adoption  than  any  of  the  others  ;  it  involves 
the  use  of  the  motors  as  generators,  as  already  explained, 
but  instead  of  practically  short-circuiting  them,  a  smaller 
current  is  taken  from  them,  which  is  used  to  energize  an 
electromagnetic  brake  mounted  on  the  car-axles,  thus 
applying  the  retarding  force  in   the  most   direct   manner 
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possible.  The  brake  consists  essentially  of  two  parts,  one 
of  U-shaped  section,  annular  in  form,  carrying  a  magnetizing 
coil,  and  the  other  a  flat  disk,  arranged  to  revolve  in  close 
proximity  to  the  face  of  the  first.  In  Fig.  1250  a  is  the 
stationary  iron  annular  mag- 
net, and  b  the  magnetizing 
coil;  c  is  the  disk,  also  of  iron, 
made  fast  to  the  axle  d.  "When 
a  current  is  sent  through  b, 
strong  eddy  currents  are  in- 
duced in  the  disk  c  as  it  re- 
volves, their  tendency  being 
to  resist  the  rotation  and 
bring  the  disk  to  rest.  The 
air-gap  at  e  is  very  small,  and 
the  brake  may  be  used  to  give 
retardation  through  the  in- 
duced currents  thus  devel-  fig.  laso. 
oped,  or  the  disk  may  be  allowed  to  touch  the  polar  surfaces, 
the  friction  thus  obtained  adding  to  the  braking  effect. 
The  greater  part  of  the  retarding  effect  is  exerted  by  the 
action  of  the  eddy  currents  on  the  face  of  the  disk. 


CAR     EQUIPMENT. 


MOTORS. 

3375.  In  the  early  days  of  electric  railways,  the  motors 
used  were  simply  an  adaptation  of  the  ordinary  bipolar 
stationary  motor  to  the  new  conditions.  There  was,  in 
consequence,  no  protection  to  the  armature  and  field  wind- 
ing, which  were  exposed  to  the  air.  The  gears,  forming  a 
double  reduction,  were  also  uncovered,  so  that  the  dust 
from  the  road  soon  wore  out  the  teeth  by  grinding  on  the 
faces.  With  the  four-pole,  low-speed  motor,  a  single  reduc- 
tion in  gear  was  obtained,  and  this  is  still  adhered  to.  The 
motor  as  now  built  is  entirely  enclosed  in  a  frame,  which 
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forms  the  magnetic  yoke  between  the  pole-pieces  and 
supports  the  shaft  of  the  armature.  The  General  Electric 
Company  build  a  motor,  Fig.  1251,  in  which  the  wheel  axle 
passes  through  the  bearing  at  x,  carrying  at  the  other  end 
the  gear-wheel.  Fig.  1252  is  a  view  of  the  same  motor  from 
the  other  side,  with  the  cover  raised,  the  letters  of  reference 
being  the  same  in  both  figures.  The  gears  are  enclosed  in 
a  compartment  distinct  from  that  containing  the  armature, 
and  are  run  in  oil.  The  pinion  /  is  usually  made  of  steel, 
and,  in  the  best  construction,  the  gear-wheel  is  also  of  this 
metal.  A  cover,  half  of  which  is  shown,  is  fitted  over  the 
gears,  a  small  opening  with  a  hinged  lid  being  provided  in 


Fig.  1251. 

the  upper  portion  for  purposes  of  inspection.  The  magnetic 
frame  is  divided  on  the  horizontal  center  line,  the  two  parts 
being  hinged  at  h,  and  securely  bolted  together  at  b.  In 
the  upper  frame,  when  swung  back  as  in  Fig.  1252,  may  be 
seen  the  face  of  one  of  the  pole-pieces/*,  and  the  spool  head 
s  of  one  of  the  magnetizing  coils.  The  motor  is  of  the  con- 
sequent-salient type,  the  consequent  poles  being  on  the 
horizontal  line  and  therefore  divided  ;  at  /",  and/"^  may  be 
seen  these  pole  faces.  It  will  be  noticed  that  this  arrange- 
ment of  magnetic  circuits  is  such  that  no  lines  of  force  pass 
through  the  joint  between  the  upper  and  lower  frame  cast- 
ings, which  would  otherwise  form  a  line  of  high  resistance. 
The  carbon  brushes  are  carried  in  holders  c,  c,  bolted  to  an 
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insulating  cross-bar  d,  which  is  secured  to  the  frame,  and 
the  current  is  led  to  them  by  means  of  two  cables  a,  tf, 
entering  through  insulated  bushings  in  the  side  of  the 
frame.  The  current  for  the  field  coils  is  supplied  through 
the  wires  <r,  e.  In  this  motor  the  ratio  of  speed  reduction 
by  the  gears  is  4.78  to  1  ;  the  pinion  has  14  teeth,  the 
gear-wheel   67.     An    output    of    about    25   horsepower    is 


Fig.  1252. 

obtained,  giving  a  draw-bar  pull  of  800  pounds  with  33-inch 
wheels,  at  10  miles  per  hour. 

3376.  The  Westinghouse  single-reduction  motor  has  a 
somewhat  different  disf)osition  of  pole-pieces,  all  four  being 
salient.  Of  these,  two  are  in  the  upper  casting,  two  in  the 
lower,  and  either  casting  may  be  removed  to  afford  access 
to  the  armature.  Each  pole-piece/.  Fig.  1253,  is  provided 
with  a  magnetizing  coil  c  wound  on  a  rectangular  spool, 
which  is  bolted  in  place.  In  the  illustration,  the  upper  field 
is  shown  swung  back  on  the  hinges  //,  giving  a  view  of  the 
armature  a  and  brushes  b.  The  hinges  for  the  lower  field 
are  on  the  right-hand  side ;  it  will  be  noticed  that  both  field 
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castings  are  attached  to  lugs  on  a  horizontal  frame/",  carry- 
ing the   armature,  the   gear  shafts,  and  the    box    d  which 


Fig.  1S53. 


encloses  the  gears.     The  reduction  generally  used  is  3.44  to 
1,  the  gear-wheel  having  G2  teeth,  and  the  pinion  18. 

Direct-connected  or  gearless  motors  are  seldom  used,  as 
they  are  more  expensive  to  construct  than  those  having  the 
reducing  gear.  Owing  to  the  armature  being  connected 
directly  to  the  car-axle,  a  flexible  suspension  is  absolutely 
necessary,  to  avoid  the  hammer  blow  on  the  track.  This 
may  be  accomplished  by  mounting  the  armature  on  a  hollow 
shaft,  and  connecting  it,  by  means  of  springs,  to  the  driven 
axle  which  passes  through,  a  clearance  of  one  inch  being 
allowed  on  all  of  the  sides. 


THE  TROLLEY. 

3377.  The  device  for  making  contact  with  the  stationary 
conductor  and  transmitting  the  current  to  the  mechanism 
on  the  car  is  called  a  trolley.  The  name  is  generally 
applied  to  such  an  apparatus  placed  on  the  roof  of  a  car,  and 
having,  as  essential  parts,  a  pole  carrying  at  its  outer  end  a 
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small  wheel,  which  is  pressed  up  against  the  under  side  of  an 
overhead  conductor.  In  Fig.  125-i  is  shown  a  plan  of  the 
spring  frame,  and  a  side  view  of  the  upper  end  of  the  trolley- 
pole.  This  latter  is  held  in  a  clamp/,  free  to  turn  about  an 
axis  a  parallel  to  the  length  of  the  car,  thus  giving  lateral 
motion  to  the  trolley.     The  springs  s,  s^  press  on  each  side 


in  such  a  way  as  to  tend  to  keep  the  pole  in  a  central  position. 
The  frame  y,  which  holds  the  clamp,  is  pivoted  at  its  ends 
in  two  blocks  e,  e^ ;  from  it  project  two  arms  g,  g^  at  right 
angles  to  the  direction  taken  by  the  pole  when  held  in  the 
clamp.  When,  therefore,  the  pole  is  drawn  downwards  by 
means  of  a  cord  secured  to  the  upper  end,  the  springs  w,  in^ 
are  put  in  tension  and  tend  to  press  the  wheel 
against  the  overhead  contact  wire.  The  wheel  and 
upper  end  of  the  trolley-pole  are  shown  in  the  view 
at  the  right,  and  are  lettered  w  and  b^  respectively.  '^ 
An  elevation  of  the  same  is  given  in  Fig.  1255,  a 
being  the  trolley-wheel,  and  b  the  head  of  the 
pole,  or  barp.  The  wheel  is  bored  out  to  a  diam- 
eter greater  than  that  of  the  pin /upon  which  it 
revolves,  and  a  bushing  is  forced  in,  made  of 
bronze  with  graphite  blocks  inserted  to  give  lubri- 
cation. Oil  is  likely  to  carbonize  by  the  action  of 
the  current  and  cause  the  wheel  to  stick,  which 
results  in  unequal  wear  in  the  groove  and  con-  Pic  1355. 
tinuous  arcing  when  this  surface  becomes  uneven,  due  to  the 
wheel  leaving  the  wire. 
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CONTROLLERS. 

3378.  On  the  car  platforms,  against  the  dashboards, 
are  placed  the  switching  devices,  by  means  of  which  the 
speed  of  the  car  is  regulated.  These  are  the  controllers  ; 
each  consists,  essentially,  of  a  vertical  revolving  cylinder 
provided  with  insulated  metallic  contact  bands  of  different 
lengths,  which  press  against  stationary  contact  pieces  at  the 
side,  and  effect  various  combinations  of  rheostat,  armature, 
and  field  connections,  according  to  the  position  of  the  cylin- 
der, which  is  indicated  by  the  operating  handle  attached  to 
the  cylinder  shaft  which  projects  through  the  outside  cover. 
In  Fig.  1256  is  given  a  developed  diagram  of  the  Westing- 
house  controller.  The  cylinder  is  at  C^  the  contact  buttons 
/,  a,  etc.,  are  on  the  left,  and  two  cut-outs  are  on  the  right, 
one  to  each  motor.  Above  the  cylinder  is  the  reversing- 
switch  R^  and  below  are  the  terminals  to  which  are  con- 
nected the  cables  leading  to  the  motors,  resistance-box,  trol- 
ley, and  ground.  The  reversing-switch  is  in  the  form  of  a 
disk  of  porcelain,  upon  which  are  mounted  four  brass  con- 
tact pieces,  indicated  in  the  figure  by  double  lines,  as 
between  the  connection  blocks /", -|-  and  tf,— ,  etc.  These 
contact  pieces  may  be  moved  around  so  as  to  take  the  posi- 
tions shown  by  the  curved  lines  ^,  breaking  the  circuit  at 
the  former  places  and  connecting  the  other  blocks  together. 
When  this  is  done,  the  circuit  through  the  fields  of  both 
motors  is  reversed,  thereby  reversing  their  direction  of 
rotation.  At  an  intermediate  position  the  circuit  remains 
broken,  and  the  lever,  which  is  inserted  in  an  opening  in 
the  side  of  the  case,  may  be  withdrawn.  The  vertical 
dotted  lines  passing  across  the  contact  bands  on  the  cylin- 
der represent  the  different  working  points  to  which,  rela- 
tively speaking,  the  contact  buttons  may  be  moved,  for  the 
cylinder  is  turned  by  the  controller  handle,  the  buttons 
remaining  stationary.  At  the  lower  part  of  the  figure  are 
the  motors  J/„  J/,.  There  are  six  principal  working  points, 
i,  i?,  5,  and  4,  5,  6;  the  intermediate  ones,  lettered  rt,  ^,  r,  d, 
are  passed  over  rapidly,  and  are  not  denoted  by  any  marks 
on  the   brass  cover  plate,    being   inserted   to  define    more 
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clearly  the  two  divisions  of  series  and  parallel  working. 
The  use  of  this  method  of  speed  regulation  has  given  the 
name    of  series-parallel    controller   to   the   compound 

switch  employed. 


3379.  We  may  trace  the  path  of  the  current  when  the 
cylinder  is  turned  to  the  first,  second,  and  third  points,  thus: 
From  the  line  to  the  terminal  /  at  the  base  of  the  control- 
ler, then  for  the  several  points  as  follows: 
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At  the  first  point  the  motors  are  in  series,  with  the  whole 
of  the  rheostat  inserted ;  at  the  second  point  half  the  resist- 
ance is  cut  out,  and  at  the  third  it  is  all  cut  out.  This  point 
is  to  be  used  when  a  low  speed  is  desired,  the  motors  stiil 
running  efficiently,  as  all  dead  resistance  is  out  of  circuit. 
The  point  marked  a  is  merely  one  of  transition;  it  is  a  return 
to  an  arrangement  almost  identical  with  point  2^  the  only 
difference  being  that  the  half  rheostat  A  is  introduced 
instead  of  A^.  The  points  b,  r,  //are  all  similar,  serving  as 
distance-pieces  and  preparing  for  the  parallel  connection  by 
putting  J/j  between  line  and  ground,  with  the  half  rheostat 
A^  in  series.  To  this  is  added  the  second  motor  J/,  at  the 
point  4,  in  series  with  A.  The  long  space  between  a  and  4 
tends  to  lessen  the  sudden  plunging  forward  of  the  car  which 
occurs  when  two  motors  are  put  in  parallel  at  once,  because 
the  full  E.  M.  F.  of  the  line  is  applied  to  one  motor  alone 
during  an  appreciable  interval  of  time. 

33SO.     The  order  of  connections  for  parallel  running  on 

the  points  4,  5,  and  6  is  this: 
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3381.  The  General  Electric  Company,  in  their  con- 
troller for  series-parallel  regulation,  make  use  of  the  same 
methods  as  the  Westinghouse  Company,  but,  in  addition, 
they  put  shunts  S,  S^,  Fig.  1257,  across  the  field  coils  of  the 


motors  AT,  J/,  at  the  last  point  of  the  series  or  parallel  con- 
nections. The  rheostat  A  is  used  as  a  starting  resistance. 
The  controller  cylinder  is  C,  the  contact  buttons  are  on  the 
left,  at  t,  r,  etc.,  and  the  reversing-switch  R  is  on  the  right 
There  are  three  positions  in  whiqh  this  latter  may  be  placed: 
fi.rst,  with  the  contact  fingers/",,  a^,  etc. ,  on  the  line  x ;  second, 
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on  the  line  J,  and  third,  in  a  central  position  between  these 
two,  when  all  connections  are  broken.  It  is  in  this  position 
alone  that  the  lever  may  be  withdrawn,  and,  as  only  one  set 
of  levers  is  provided  for  each  car,  the  circuit  through  one 
controller  is  always  broken  when  the  other  is  in  use.  The 
various  positions  of  the  switch  are  numbered  1  to  10  in  the 
diagram,  and  produce  the  following  combinations : 

1.  Motors  in  series  with  each  other  and  with  all  the  re- 
sistance A. 

2.  Motors  in  series  with  each  other  and  with  half  the 
resistance. 

3.  Motors  in  series,  all  resistance  cut  out. 

4.  Motors   in    series,    all    resistance    cut    out    and  fields 
shunted. 

5.  Motors  in  series  with  each  other  and  with  half  the  re- 
sistance, fields  full  strength. 

6.  One  motor  in  series  with  half  the  resistance,  the  other 
motor  cut  out. 

7.  Same  as  6. 

8.  Two  motors  in  parallel,   in   series  with  half  the  re- 
sistance. 

9.  Motors  in  parallel,  all  resistance  cut  out. 

10.  Motors  in  parallel,   all  resistance  cut  out   and  fields 
shunted. 

3382.  A  controller  manufactured  by  the  Walker  Com- 
pany is  similar  in  many  respects  to  those  described,  but  dif- 
fers in  some  important  points.  Three  contact  cylinders  are 
provided.  The  principal  one  is  the  regular  controller  cylin- 
der for  regulating  the  speed  of  the  car;  on  the  right-hand 
side  is  the  reversing-switch,  and  on  the  left-hand  a  special 
circuit-breaker  which  comes  into  operation  each  time  the 
current  is  cut  off  and. distributes  the  arc  through  twenty- 
eight  air-gaps.  The  motor  circuit  has  high  self-induction, 
and  when  a  quick  break  is  made  there  is  danger  of  the  cur- 
rent piercing  the  insulation.  In  this  case,  the  break  is  rel- 
atively slow,  so  that  time  is  allowed  for  the  back  E.  M.  F. 
to  gradually  die  away.  This  circuit-breaking  switch  is  fit- 
ted with  a  pawl  on  the  shaft,   the  pawl  engaging  with  a 
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ratchet  on  the  controller  in  such  a  way  that  a  slight  back- 
ward movement  of  the  controller  handle  will  open  the  cir- 
cuit, and  it  can  not  be  closed  again  until  the  handle  is 
brought  to  the  off  point.  An  interlocking  device  is  intro- 
duced between  the  controlling  cylinder  and  the  reversing- 
switch,  so  that  the  former  can  not  be  moved  from  the  first 
position  unless  the  latter  is  either  on  the  forward  or  back- 
ward notch;  also,  the  reversing-switch  is  only  movable 
when  the  controlling  cylinder  handle  is  at  the  off  position. 

3383.  Another  method  of  control  is  that  in  which  a 
starting  resistance  is  inserted  and  gradually  cut  out  as  the 
car   attains    full    speed.      This   system,    called    rheostatic 

.3 


Fig.  1258. 

control,  was  the  one  used  in  the  early  days  of  electric  rail- 
ways, and  to  some  extent  it  is  still  employed,  although  it  is 
very  wasteful  when  running  at  low  speeds,  as  a  great  deal 
of  energy  is  expended  in  heating  the  dead  resistance.  The- 
motors,  as  will  be  seen  from  the  diagram,  Fig.  1258,  are 
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connected  permanently  in  parallel,  so  that  the  regulation 
obtainable  with  a  series  coupling  is  not  available  in  this  case. 
The  rheostat  A,  shown  in  side  view  at  B^  consists  of  a  series 
of  sheet-iron  disks,  as  at  C,  placed  side  by  side,  with  a  piece 
of  mica  inserted  in  such  a  way  between  the  adjoining  plates 
that  they  form  a  long  series  of  high  resistance.  These  are 
arranged  in  a  semicircle,  with  sheet-iron  contact  pieces  r 
projecting,  over  which  the  lever  a  may  be  moved  by  means 
of  the  wheel  2V,  to  which  is  made  fast  a  cord  running  to  the 
controller  shaft.  The  current  from  the  line  is  brought  in  at 
fi]  the  circuit  then  passes  through  the  arm  a  to  the  rheostat 
and  to  the  terminal  J  at  the  farther  end.  This  is  insulated 
from  a  second  terminal  /,  which  is  put  in  use  only  when  the 
switch  arm  is  carried  on  to  that  point.  From  j  the  current 
flows  to  7  on  motor  ;;/'  and  to  8  on  motor  /;/,  thence  through 
the  field-magnets  to  6'  and  5,  then  to  k'  and  k,  respectively. 
The  reversing-switch  at  this  part  of  the  circuit  is  shown  in 
its  middle  position;  if  the  cord  fi  n'  be  drawn  so  that  the 
insulating  bars  /,  /'  are  carried  to  the  right,  the  blades  e 
and  y,  c'  and/'  will  make  contact  with  //  and  k,  h'  and  k\ 
and  the  current  will  pass  through  f  and  f  to  the  brushes 
b,  b'  of  the  motors,  and  back  to  //,  Ji'  and  the  ground  //,  //'. 
When  the  reversing-switch  is  moved  to  the  left,  it  will  be 
seen  that  the  armature  connections  are  reversed,  the  cur 
rent  entering  at  g,  g' \  the  fields  are  unchanged.  The  last 
point  on  the  rheostat  breaks  the  circuit  at  j\  allowing  the 
current  to  pass  directly  from  a  to  /,  dividing  at  2  and  going 
to  i,  P,  and  10  and  to  5,  also  to  S  and  to  4,  through  a  portion 
of  the  fields  to  6.  Cutting  out  some  of  the  field  turns 
weakens  the  magnets,  thereby  increasing  the  speed  of  the 
armatures.  

ELECTRIC   HEATERS. 

3384.  The  use  of  coal  stoves  in  cars  is  attended  with 
disadvantages  in  the  way  of  useful  space  occupied,  the  con- 
stant attention  required,  and  the  coal  dust  and  ashes  scat- 
tered around.  All  these  objections  are  overcome  in  the  use 
of  electric  heaters;  but  there  remains  a  serious  drawback  in 
the  operating  expense,  which  is  at  least  three  to  four  times 
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that  of  coal  stoves.  Many  railway  managers  nevertheless 
adopt  the  electric  system  on  account  of  its  popularity  and 
the  fact  that  no  space  is  required  for  the  installation  which 
might  be  devoted  to  the  accommodation  of  passengers.  In 
Fig.  1259  is  shown  the  plan  of  a  car,  with  the  wiring  for  the 
heaters  //,  which  are  placed  under  the  seats  near  the  Avheel 
boxes  ^v.  Heat  is  generated  by  passing  a  current  through 
a  wire  of  high  resistance  embedded  in  enamel,  or  other  sub- 
stance of  similar  nature,  which  prevents  oxidation  of  the 
wire  by  excluding  all  air  from  its  surface.  The  outside  of 
the  metal  case  has  projections  e  cast  on  it,  in  order  to  pre- 
sent a  greater  surface  to  the  air.  A  switch  is  provided,  by 
means  of  which  the  heaters  are  connected  all  in  series,  in 
series-parallel,    or    cut    out    entirely.      The    series-parallel 
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Fig.  1259. 

coupling  is  obtained  by  moving  the  switch  handle  upwards 
so  that  the  lever  /  will  make  contact  with  ?',  and  n  with  j. 
The  circuit  then  becomes:  From  the  trolley  to  1  to  X', 
dividing  at  this  point  and  passing  through  the  upper  heat- 
ers (that  is,  on  the  right  when  viewed  from  the  switch)  to 
3-n-j-2  to  ground ;  also  from  k  through  /-/,  the  lower  heaters 
to  S-n-j-2  and  ground.  When  the  switch  handle  is  thrown 
over  so  that  the  lever  /  makes  contact  with  /,  the  heaters 
are  connected  in  series.  At  the  position  shown,  they  are 
cut  out  of  circuit.  

WIRING. 

3385.  The  plan  of  wiring  for  a  car  using  the  series- 
parallel  controller  is  given  in  Fig.  12G0.  The  motors  M^^  M^ 
are  shown  in  dotted  outline,  and  the  wires  are  indicated  by 
heavy  lines.  There  are  two  principal  circuits  branching  at 
a  (a  point  on  the  roof  wiring)  close  to  the  base  of  the  trol- 
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ley  t  which  takes  current  from  the  line.    From  a  one  circuit 
is  through  the  fusible  cut-out  b  and  lamps  c  to  the  wire 

g,  which  is  con- 
nected to  the 
ground ;  the other 
circuit  is  through 
the  canopy 
switches  j,  s  to  //, 
where  a  shunt  is 
carried  to  one 
side  of  the  light- 
ning-arrester /, 
the  other  side  be- 
ing grounded. 
The  main  current 
passes  through 
the  choking  coil  k 
to  the  fuse  box  f, 
thence  to  the  con- 
trollers e  and  mo- 
tors, as  already 
described  in 
Arts.  3379  and 
3380.  All  these 
wires  arebunched 
and  wound  over 
so  as  to  make  a 
single  cable  d,  an 
arrangement  re- 
ducing their  lia- 
bility to  injury. 
The  connections 
to  the  armatures 
are   indicated   at 

^.+>    «,-;    the 
connections      t  o 
the  fields  are  shown  at /,+,/,—  and  at /,+,/,—.     The  cho- 
king coil  k  consists  simply  of  a  few  turns  of  wire  wound  over  a 
if.  E.    IV.— 10 
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wooden  cylinder.  This  offers  sufficient  impediment  to  stop 
the  passage  of  a  lightning  discharge,  owing  to  the  high  self- 
induction  of  the  oscillatory  current,  and  it  will  therefore 
force  its  way  across  the  air-gap  between  the  two  plates  of  the 
arrester,  and  so  pass  to  ground.  The  rheostat  R  contains  the 
starting  resistances^,  A,  the  use  of  which  has  been  explained. 

3386.  In  Fig.  1261  is  given  the  wiring  diagram  for  a 
car  equipped  with  the  rheostatic  method  of  control.  A  is 
a  plan  of  the  roof  wiring,  B  an  end  view  of  the  same,  and 
C  the  general  wiring  to  the  motors  a  and  a'.  From  the 
base  of  the  trolley-pole  w,  the  current  for  the  motors  passes 
through  the  canopy  switches  c^  r,  the  fuse-box  g,  and  the 
lightning-arrester  <?,  to  the  rheostat  m\  then  through  j  or 
X  to  the  field  terminals,  reversing-switch,  armatures,  and 
ground.  The  controllers  are  on  the  platforms  at  k,  k\  these 
are  simply  vertical  shafts  with  handles,  and  carry  at  the 
lower  end  a  wheel  to  which  is  made  fast  a  rope  which  passes 
around  the  wheel  of  the  rheostat.  Short  lengths  of  chain 
are  introduced  at  the  points  most  liable  to  wear.  The 
reversing-switch  e  is  operated  after  the  same  manner  by  an 
independent  lever,  the  ends  of  the  cord  being  attached  to  the 
levers  as  shown.  The  lighting  circuit  branches  from  the 
roof  wire,  passes  through  the  switch  ^/and  fusesy",/"at  each 
end  of  the  car,  the  lamps  being  between.  In  the  center  is 
a  cluster  of  lamps  /,  and  at  the  ends  h  are  additional  ones, 
used  as  pilot  lamps,  with  a  colored  glass  outside.  On  the 
plan  A  of  the  roof  wiring,  the  same  reference  letters  apply; 
at  the  points  s,  t  the  wires  are  carried  down  the  side  of  the 
car,  their  direction  being  easily  seen  from  the  other  views. 


SYSTEM  OF  POWER  SUPPLY. 


OVERHEAD    LINE   CONSTRUCTION. 
3387.     Overhead  line  construction  includes  the  setting 
up  of  the  trolley-wire,  with  span  wires,  guard  wires,  the  nec- 
essary cou[)ling  devices,  switches,  and  insulators.     The  feed- 
ers, or  wires  communicating  directly  between  the  generators 
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at  the  station  and  the  various  distributing  points,  may  be  car- 
ried overhead  or  laid  underground,  as  most  convenient.  In 
the  latter  case  they  must  be  protected  from  abrasion,  a  lead 
sheath  being  frequently  employed  outside  the  insulation. 
Great  care  should  be  taken  in  handling,  lest  the  covering  be 
injured  or  broken,  which  would  allow  moisture  to  enter  and 
gradually  develop  a  fault. 

There  are  three  styles  of  support  for  trolley-wires:  They 
may  be  suspended  directly  from  brackets  on  poles  at  the 
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Fig.  1262. 


side  of  the  road;  or  a  double  track  may  be  provided  with 
center  poles  carrying  the  wires  on  projecting  arms  on  both 
sides;  or  the  poles  may  be  placed  at  the  sides  of  the  street, 
and  the  trolley-wire  supported  by  span  wires  stretched 
across.     This  last  method  is  most  common,  because  there  is 
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no  obstruction  in  the  roadway,  as  in  the  center-pole  con- 
struction, and  because  only  the  side  of  a  road  can  be  used 
for  the  track  in  some  localities,  as  on  a  country  road. 

3388.  The  poles  may  be  of  steel,  iron,  or  wood.  For 
cross-country  roads  wooden  poles  are  generally  selected,  and 
their  use  is  very  frequently  found  in  the  city  streets,  although 
iron  or  steel  poles  are  much  more  desirable.  Fig.  12G2  shows 
a  sectional  form  of  iron  tubular  pole  adaptable  to  any  type 
of  construction,  (a)  being  the  side-pole,  {/?)  the  center-pole, 
and  {c)  the  span-wire  method.  The  poles  are  about  30  feet 
long,  the  lower  section  being  G  or  8  inches  diameter,  and 
the  others  1  inch  smaller  successively,  fitting  inside  each 
other  with  telescope  joints  at  least  18  inches  in  length.  The 
lower  end  of  the  pole  is  sunk  into  the  ground  to  a  depth  of 
6  or  7  feet,  and  filled  around  wnth 
cement.  Allowance  must  be  made, 
in  setting,  for  the  strain  of  the  wires; 
and  the  top  of  the  pole  must  slant 
away  from  the  track  about  5  inches 
when  span  wires  are  to  be  used.  At 
{(/)  is  an  enlarged  view  of  the  top  of 
pole  {c)y  showing  the  insulated  top  >t, 
supported  on  a  wooden  block  s  and 
carrying  the  tension  bolt  fi  to  which 
the  span  wire  is  secured.  The  cross 
arm  t  carries  feeders  to  supply  cur- 
rent at  distant  points;  the  pole  may 
also  be  utilized  to  carry  an  arc  lamp, 
as  at  /,  in  Fig.  1262  (a).  Instead  of 
a  tension  bolt,  a  ratchet  may  be  placed 
on  the  top  of  the  pole,  as  at  a,  Fig. 
1263,  provided  with  a  counterbal- 
anced pawl  d  engaging  with  the  teeth.  Fig.  1263. 
The  base  c  has  flaring  sides  to  shed  rain,  and  fits  into  the 
insulating  wooden  block  d.  In  a  slightly  modified  form  the 
ratchet  may  be  fastened  to  the  side  of  the  pole  at  any  point, 
or  bolted  to  a  wooden  pole. 
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3389.  In  both  bracket  and  center-pole  construction,  it 
is  now  the  practice  to  use  a  flexible  support  for  the  trolley- 
wire  hanger,  which  pre- 
vents the  destructive  ham- 
mer blow  of  the  passing 
trolley-wheel  and  reduces 
the  sparking.  Such  an  ar- 
rangement is  shown  in  Fig. 
1264,  which  represents  the 
form    used    for    the    side- 

FiG.  1264.  bracket     construction.      A 

span  wire  w  holding  the  hanger  k  is  stretched  tightly  between 
two  insulators  i,  z',  the  outer  one  being  secured  to  a  bracket 
d  and  the  inner  one  held  by  a  clamp  on  the  framework.  In 
the  center-pole  construction  the  brackets  extend  on  both 
sides,  and  when  the  pole  is  of  wood,  a  hole  may  be  bored 
through  it  to  receive  the  span  wire. 

3390.  Wooden  poles  are  generally  set  without  concrete ; 
but  when  they  are  placed  at  the  side  of  the  street  to  hold 
span  wires  stretched  across,  large  stones  should  be  used  to 
take  the  pressure  due  to  the  pull  of  the  wires,  some  being 
placed  at  the  base  of  the  pole  away  from  the  track,  others 
near  the  surface  of  the  ground  at  the  side  towards  the  track. 
A  piece  of  timber  may  be  substituted  for  the  stones  on  the 
track  side,  and  should  be  about  3  feet  long  and  4"  X  8"  in 
section.  The  slant  of  a  wooden  pole  should  be  about  double 
that  of  an  iron  pole,  and  when  in  position  the  ground  must 
be  solidly  tamped  around  it  to  make  a  firm  bed.  The  diam- 
eter at  the  bottom  should  be  not  less  than  10  inches,  taper- 
ing to  6  or  7  inches  at  the  top,  which  may  be  cut  to  a  conical 
sha^e.  The  pole  from  the  ground  up  may  be  round  or 
octagonal.  It  will  be  found  to  effect  a  considerable  saving 
in  cost  of  renewal,  and  also  to  prevent  leakage  of  current,  to 
give  the  pole  one  or  two  coats  of  paint,  applying  some  pre- 
servative compound  to  that  part  which  is  to  be  underground. 

Steel  poles  are  made  of  sheet  metal,  of  channel  section, 
riveted  together  at  short  intervals  throughout  their  length, 
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and  may  have  a  flat  piece  through  the  middle,  the  section 
then  being  like  a  double  D.  Latticework  is  also  largely  used, 
making  a  very  neat  and  strong  pole,  which  can  be  painted 
inside  and  out,  and  is  easily  climbed  when  necessary. 

Guard  wires  may  be  required  for  city  lines,  to  prevent 
contact  between  a  falling  telephone  (or  electric  light)  wire 
and  the  trolley-wire.  These  guard  wires  are  suspended  10 
or  15  inches  above  the  trolley-wire,  and  are  supported  by 
span  wires  attached  to  the  poles  at  the  same  distance  above 
the  trolley  spans.  Anchor  wires  must  be  provided  at  suit- 
able intervals  to  secure  the  trolley-wire  against  falling,  in 
the  event  of  the  connection  at  one  end  giving  way.  Before 
this  precaution  was  adopted,  there  were  instances  of  a 
whole  system  being  incapacitated  through  the  breaking  of  a 
trolley-wire. 


3391.     The  general  arrangement  of  wiring  for  a  double 
track  is  shown   in  Fig.  1265.     The  poles  p  are  placed  not 


fP 


♦p 


Fig.  1265. 


more  than  125  feet  apart  measured  along  the  road,  and  be- 
tween opposite  poles  are  stretched  the  span  wires  s.  At  in- 
tervals of  about  500  feet,  and  at  the  approach  to  all  curves, 
anchor  wires  a  are  put  up,  being  secured  to  the  trolley-wire 
by  hangers  h. 

3392.  The  method  of  setting  up  the  trolley-wire  on 
curves  is  shown  in  Fig.  1266,  where  A  represents  the  arrange- 
ment of  guy  wires  g^  attached  to  the  trolley-wire  /,  when  a 
single  pole  is  used.  Turnbuckles  k  are  used  to  bring  the 
wires  to  the  proper  tension,  and  anchoi  wires  a  to  support 
the  trolley-wire  at  the  beginning  of  the  tangent  or  straight 
portion.  A  flexible  method  of  suspension  is  given  at  B^ 
where  a  heavy  span  wire  s  holds  up  the  guy  wires;  this  form 
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of  construction  tends  to  equalize  the  strains  on  the  span 
wires  and  is  generally  adopted  in  place  of  the  other,  which 
p 


is  the  original  method. 


FlG.  1267. 


Fig.  ICCC. 

A  double  curve  is  shown  at  C,  the 
different  wires  being  designated 
by  the  same  letters  as  in  the  pre- 
ceding layouts,  and  the  poles 
by/. 

3393.  In  rounding  a  curve, 
the  trolley-wire  does  not  follow 
the  center  line  between  the  rails, 
but  is  carried  over  to  the  inside  by 
an  amount  depending  upon  the 
radius  of  the  curve.  This  vari- 
ation is  shown  in  Fig.  1267,  where 
the  curve  r  is  the  center  line  of 
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the  rails,  and  t  the  line  of  the  trolley-wire.  The  amount  of 
offset,  measured  at  the  middle  of  a  90°  curve,  at  the  point 
indicated  by  the  arrows  in  the  figure,  is  as  follows  for  curves 
of  different  radii: 

Radius  in  Feet.  Offset. 

40  16  inches. 

50  13  inches. 

GO  12  inches. 

80  8  inches. 

100  G  inches. 

120  5  inches. 

150  4  inches. 

200  3  inches. 

The  object  of  this  offset  is  to  allow  the  trolley-wheel  to  lie 
more  closely  to  the  wire;  this  it  would  not  do  if  the  wire  fol- 
lowed the  track  center  line,  since  the  wheel  would  then  lie 
across  the  wire  diagonally,  causing  a  large  amount  of  wear 
in  passing  round  the  curve.  In  some  old  lines  this  effect  is 
plainly  visible,  the  wire  showing  splices  at  various  points 
where  breaks  have  occurred. 


ERECTION  OF  LINE. 

3394.  The  size  of  the  trolley-wire  depends  somewhat 
upon  conditions  of  traffic,  but  it  should  never  be  less  than 
No.  0  B.  &  S.  hard-drawn  copper,  and  is  frequently  as  large 
as  No.  000  or  0000.  The  guard  wire,  when  used,  may  be  of 
No.  8  B.  &  S.  steel  galvanized  wire,  and  all  span  wires  should 
be  not  less  than  No.  5  B.  &  S.  steel  wire,  galvanized.  The 
trolley-wire  should  hang  about  19  feet  above  the  track  when 
in  position. 

The  first  proceeding  in  putting  up  a  line  is  to  stretch  the 
span  wires  across,  and,  as  the  insulation  must  be  as  perfect 
as  possible,  insulators  are  employed  in  two  places,  first,  at  or 
near  the  pole,  and  second,  in  the  hanger.  Those  in  the  span 
wire  are  called  strain  insulators,  an  illustration  of  one  form 
being  given  in  Fig.  12G8,  where  /  is  a  globe  of  some  suitable 
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insulating  material,  such  as  hard  fiber  or  rubber,  into  which 
are  secured  the  eye  e  and  the  bolt  s  ;  the  turnbuckle  /, 
which  connects  the  bolts  s  and  s\  is  fitted  with  right,  and 
left  hand  threads  for  regulating  the  tension,  and  the  wires 
are  fastened  to  the  ends  at  ^,  e' .  When  a  ratchet  is  used, 
the  turnbuckle  is  unnecessary,  and  the  insulator  is  simply  in 


8  ^  swrn^yhmM   ~^<g) 


Fig.  1268. 

the  form  of  a    globe  with    two  eye-bolts,  or    an  insulating 
cylinder  with  the  two  bolts. 

When  the  span  wires  are  in  position,  the  next  operation  is 
to  set  the  hangers  for  the  trolley-wire.  One  form  of  hanger 
is  shown  in  Fig.  12G9,  the  span  wires  being  passed  under  in 
and  n  and  over  the  center  at  e.  A  swivel-joint  at  a  permits 
of  proper  adjustment,  and  below  the  cup  insulator  i  is  a 


Fig.  1269. 

pivot/,  allowing  a  longitudinal  swing.  A  clamp  b  holds  the 
trolley-wire  /  either  by  having  its  edges  pressed  firmly  over 
the  wire,  or  by  soldering.  Another  form  of  hanger  is  illus- 
trated in  Fig.  1270,  in  which  the  trolley-wire  is  held  by  a 
clamp  a  set  up  by  means  of  screws.  The  span  wire  passes 
under  the  ears  b^  b  and  lies  in  the  groove  c,  being  held  in 
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place  by  its  own  tension.  The  central  bolt  d  is  insulated 
from  the  ears  and  span  wire  by  a  composition  of  mica  and 
shellac,  or  similar  sub- 
stance, which  is  filled 
around  the  body,  and 
projects  above  it  in 
the  shape  of  a  mush- 
room top.  The  bolt  e 
allows  of  motion,  as 
in  the  preceding  case. 
In  putting  up  the 
trolley-wire,  the  end 
is  first  anchored,  and 
a  length  of  perhaps 
1,000  feet  run  off, 
supported  by  temporary  wires  from  the  clamps.  This  length 
is  then  drawn  to  the  proper  tension  by  means  of  a  block-and- 
tackle,  the  hangers  are  permanently  connected,  and  the 
anchor  wires  put  up.  In  rounding  a  curve  the  wire  is  first 
stretched  in  temporary  wire  slings  and  anchored,  after 
which  the  hangers,  or  pull-over  clamps,  are  attached.  For 
curves  of  small  radius,  a  form  such  as  is  given  in  Fig.  1271 
is  used.     The  span  wire  is  attached  to  the  eye  ^,  which  is 


Fig.  1270. 


Fig.  1271. 

fastened  by  the  insulating  piece  i  to  the  arm  /  carrying  the 
trolley-wire  clamp  b  pivoted  at  d.  For  such  operations,  a 
"tower  wagon"  is  used,  which  consists  of  a  platform  sup- 
ported on  a  wagon,  at  a  convenient  height  for  ready  access 
to  the  wires.  This  platform  is  generally  so  arranged  as  to 
project  beyond  the  wagon,  so  that  the  latter  may  stand  clear 
of  the  tracks  while  repairs  are  in  progress,  and  not  interfere 
with  regular  traffic.  When  not  in  use,  the  platform  may  be 
lowered  to  the  wagon. 
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3395.  Branch  Lines  and  Curves. — At  the  point 
where  one  line  branches  from  another,  overhead  switches, 
or  "frogs,"  are  used  to  guide  the  trolley- wheel  from  one 
wire  to  the  other.     Such  a  switch  is  shown  in  Fig.  1272, 


d*s^pe 


e^^d' 


P 


^^^^^^"^TTF      *^' 


where  (x)  is  a  view  from  the  side,  and  (j)  a  view  from  the 
bottom;  a  is  a.  plate  with  projecting  edges/,/'  at  each  side 
and  spirally  grooved  ears  at  7i  and  in,  in,  in.  The  inner  sur- 
face of  the  plate  is  at  such  a  distance  from  the  lower  surface 
of  the  ears  that  the  trolley-wheel  will  run  straight  through, 
bearing  on  its  flanges  while  under  the  plate,   and  passing 

*d 


from  one  wire  to  the  other  without  any  change  in  vertical 
position.  The  wires  c,  c'  are  secured  by  passing  them  over 
the  ears,  and  bringing  the  ends  through  holes  in  the  plate 
and  bending  them  back,  as  at  d  ox  d'  \  the  span  wires  are 
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connected  at  the  rings  e.  A  switch  for  a  single  branch  may 
be  made  by  leaving  out  one  of  the  ears  vi  and  narrowing 
the  plate  accordingly. 

The  position  for  the  frog  may  be  found  by  the  method 
shown  in  Fig.  1273,  where  a  b  vs,  the  main  line,  c  d  the 
branch  line,  a'  b'  the  main  trolley-wire,  and  t  c'  the  branch 
trolley-wire.  The  center  of  the  triangle  n  x  m  will  be  at  a 
point  /  where  the  lines  bisecting  each  angle  meet,  and  this 
determines  the  position  of  the  frog.  It  will  be  a  little 
removed  from  the  center  lines  of  the  tracks. 

Upon  curves  of  large  radius,  it  is  necessary  to  use  a  double 
clamp  c^  as  shown  in  Fig.  1274,  the  span  wires  being  secured 


Fig.  1274. 

at  e,  e"  and  the  trolley-wire  at  b.  At  the  point  of  intersec- 
tion of  two  trolley-lines,  a  cross-over  is  used  similar  in  prin- 
ciple to  the  overhead  switch.  Fig.  1272. 

3396.  Section  insulators  are  used  at  the  junction  of 
two  divisions  when  they  are  supplied  by  separate  feed  wires 
direct  from  the  station.  One  form  is  shown  in  Fig.  1275,  in 
which  the  direct  line  of  the  trolley-wire  is  unbroken,  allow- 
ing the  trolley-wheel  to  run  smoothly  across  the  insulator. 
The  span  wire  is  in  one  piece  between  the  poles,  and  is 
slipped  under  the  hooks  «,  a  and  over  the  notch  at  b.  A 
double  strain  insulator  /  /  and  bolts  r,  c  hold  the  parts 
together  against  the  pull  of  the  trolley-wires  from  the  two 
sections,  which    pass   under  the  clamps  d^  d  at  each  end, 
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through  the  holes  h,  h,  and  are  held  by  the  set-screws  s,  s. 
The  end  castings  are  provided  with  lugs  /,  /  and  set-screws, 


Fig.  1275. 

by  which  connection  may  be  made  to  the  feeders.  Distance- 
pieces  of  wood,  well  filled  to  prevent  absorption  of  moisture, 
are  inserted  at  zv,  w. 

3397.     "Wire  Splicing. — The  usual  method  of  splicing 
overhead  wires  is  the  "telegraph,"  or  Western  Union,  joint. 


£. 


J 


Fig.  1276. 


Fig.  1270,  in  which  the  wires  are  wrapped  one  over  the  other 
and  soldered.  Resin  should  be  used  as  a  flux  instead  of 
acid,  as  acid  will  in  time  corrode  the  wire.  An  objection  to 
this  joint  for  trolley-wires  is  that  it  presents  an  obstruction 


FIG.  1277. 

to  the  trolley-wheel,  and  other  devices  have  been  adopted, 
one  of  which  is  a  scarf -joint,  at  least  six  inches  long.  Fig. 
1277,  carefully  cleaned  and  wrapped  with  tinned  binding 
wire.     The  whole  length  of  the  joint  is  then  filled  in  with 


1 


Fig.  1278. 


solder,  the  ends  of  the  trolley-wire  being  held  firmly  through- 
out the  process  by  means  of  a  screw  clamp.  Another 
method  of  joining,  which  is  more  readily  accomplished,  is 
by  the  use  of  a  brass  tubular  connector,  as  shown  in  Fig. 
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1278,  the  wires  being-  introduced  at  each  end  and  bent  up 
through  the  openings  a,  a;  the  remaining  space  is  then  filled 
with  melted  solder  and  the  ends  of  wire  trimmed  off.  This 
connector  has  proved  very  satisfactory  in  service. 

3398.  Feeders. — It  is  very  important  that  the  E.  M.  F. 
on  an  electric  road  should  be  maintained  as  nearly  constant 
as  possible  throughout  the  whole  system,  and  the  trolley- 
wire  being  usually  far  too  small  to  accomplish  this,  extra 


P 


Fig.  1279. 

cables  are  run  to  various  points  along  the  line.  These  are 
called  feeders,  and  their  size  and  distribution  depend  on 
the  number  of  cars  used  and  the  length  of  the  road. 

The  feeders  may  be  supported  on  the  side  poles  or  on 
separate  poles,  but  are  frequently  laid  underground.  Con- 
nection to  the  trolley-wire  is  made  by  using  a  hard-drawn 
copper  span  wire  attached  to  a  non-insulating  hangers.  Fig. 
1279,  carrying  the  trolley-wire  /•  at  the  other  end  of  the 


a 

b 

s 

f 

f 

f 

m 

H 

Fig.  1280. 

span  wire  the  feeder y* is  joined  on,  and  a  strain  insulator  a' 
is  introduced  between  it  and  the  pole/'.  On  the  otlur  side 
is  a  regular  steel  span  wire  between  the  pole  /  and  the 
hanger,  with  an  insulator  at  a. 

The  simplest  method  of  line  construction  is  to  use  a 
single  wire,  serving  as  working  conductor  and  feeder;  but, 
with  a  heavy  load,  the  drop  in  potential  at  the  end  of  the 
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line  would  be  considerable.  It  is  evident  that  it  would 
be  more  satisfactory  to  put  up  a  cable  alongside,  tapping  it 
at  various  points  along  the  route,  as  this  will  carry  the 
current  with  less  loss  than  the  trolley-wire.  Such  ati  ar- 
rangement is  shown  in  Fig.  1280,  where  in  n  is  the  trolley- 
wire,  a  h  the  feeder,  and  f,  f  the  different  connections.  The 
power  station  is  supposed  to  be  at  S,  at  one  end  of  the  line. 
If  the  trolley-line  were  divided  into  a  number  of  sections 
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Fig.  1281. 


r,  d,  e,  /,  g,  each  connected  at  its  center  to  the  feeder  a  b^ 
as  in  Fig.  1381,  the  drop  in  potential  at  any  point  would  be 
due  only  to  the  feeder  and  that  portion  of  the  trolley-line 
between  that  point  and  the  connecting  wire.  In  case  of  fire 
at  any  place  along  the  route,  the  power  can  be  shut  off  in 
that  district  without  disturbing  the  other  parts  of  the  line, 
so  that  the  service  is  not  entirely  stopped.     These  switches 


S 


Fig.  1282. 

are  located  on  the  poles  at  the  point  of  connection  to  the 
feeder,  and  insulators  are  placed  between  sections,  as  at  i^j. 
The  arrangement  shown  in  Fig.  1282  constitutes  the  feeder 
and  main  system.  This  system,  it  will  be  seen,  is  an  ampli- 
fication of  Fig.  1281.  The  feeders  are  c  <af  and  e  f,  and  are 
distinguished  from  the  mains  a  b,  ij  in  that  they  are  tapped 
for  current  at  no  points  save  at  the  ends,  while  connections 
tn,  in,  etc.,  are  made  between  the  mains  and  trolley-wires, 
wherever  they  may  be  required. 
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CALCUL.ATIOX   OF    THOLLI2Y-"WIHES  AND   FEEDERS. 

3399.  There  is  an  important  condition  upon  which  the 
size  of  the  supply  wires  is  based,  namely,  that  the  difference 
in  potential  between  the  trolley-wire  and  the  track  shall 
have  a  certain  minimum  and  a  certain  average  value.  To 
obtain  this  result,  the  drop  in  the  line  must  not  be  allowed 
to  exceed  a  certain  amount,  and  will  include  the  ground  re- 
turn as  well  as  the  overhead  wiring. 

For  convenience,  we  will  at  first  assume  that  there  is  no 

resistance  in  the  return  circuit  through  the  rails  and  ground, 

hence,  that  the  drop  in  the  line  to  the  farthest  point  is  alone 

to  be  considered.     We  will  then  denote  by  R  the  resistance 

in  ohms  of  the  conductor;  D,  its  length  in  feet;  e,  the  drop 

in  volts;  C,  the  current;  and  ^',  the  area  of  conductor  in 

circular  mils,  or  one-thousandths  of  an  inch. 

56  970 
The  resistance  of  1  mile  of  copper  wire  at  75°  F.  is — ^,— 

ohms;  therefore,  the  resistance  of  a  wire  1  foot  long  and 

56  970 
1  mil  in  diameter  is  ,  ,    '    — jv,  —  10.79  ohms,  and,  since  the 
0,280  X  ^^ 

resistance  varies  directly  as  the  length  D  and  inversely  as 
the  area  ^/', 

K    ^        J5         ^  u      r^u      .     1          *u        f          *"         10-79  X  D 
but      A  =  ^  by  Ohm  s  law,  therefore  ^  = -j-^ ; 

whence,  d^  =  10.79^CD^  ^^  ^  ^^^ 

.                                10.79CD  /^^ox 

and  e= ^5 .  (513.) 

Formula  512,  while  giving  the  required  area  of  con- 
ductor for  any  given  length,  current,  and  loss  in  volts,  does 
not,  as  we  have  seen,  make  provision  for  the  resistance  of 
the  return  path  through  the  rails  and  earth,  which  is  a  matter 
not  easily  determined  in  advance,  unless  the  line  is  to  be  an 
extension  of  a  system  already  in  operation,  and  the  charac- 
teristics of  ground  and  track  are  similar.  In  such  a  case  the 
M.  E.    IV.— 11 
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resistance  of  the  ground  return,  as  computed,  multiplied  by 
the  total  current  to  pass  through,  will  give  the  drop  in  volts, 
which  can  then  be  subtracted  from  the  total  allowable  drop, 
and  the  value  of  the  remainder  applied  in  the  formula. 

There  are,  broadly,  two  classes  of  supply  wires  to  be  con- 
sidered, namely,  those  in  which  the  load  is  at  one  end, 
and  those  having  a  uniformly  distributed  load.  To  the  first 
class  belong  all  feeders  having  no  connections  to  the  trolley- 
wire  or  mains  except  at  one  point;  in  the  second  class  are 
included  single  trolley-lines  without  feeders,  and  mains  con- 
nected to  the  line  at  various  intervals  throughout  their 
length.  For  the  first  of  these  the  formula  given  will  hold 
good,  but  the  second  requires  different  calculation.  The 
effect  of  a  uniformly  distributed  load  is  that  it  requires  only 
one-half  the  size  of  wire  that  would  be  necessary  for  an 
equal  load  at  the  end  of  the  line,  the  same  drop  being 
allowed.  We  may  say,  then,  that  for  a  uniformly  distributed 
load 

^.^oACD^.^  (514.) 


also,  e  =  — -T-^ — .  (ol5.) 


3400.  There  are  two  questions  affecting  the  size  of  wire 
for  overhead  power  supply — one  being  a  given  drop  of  poten- 
tial, and  the  other  a  given  rise  of  temperature,  and  calcula- 
tions made  from  the  formulas  given  for  overhead  conductors 
should  always  be  checked  by  rules  based  on  practical  expe- 
rience, to  ensure  the  ability  of  the  wire  to  carry  the  current 
safely.  Table  107  gives  the  current  capacity  for  several 
different  sizes  of  wire  for  a  rise  in  temperature  of  1"'  •?"', 
30°,  and  40°  C. 

The  table  is  applicable  alike  to  uninsulated,  bright  wires, 
such  as  trolley-wires,  and  to  those  with  an  insulating  cover- 
ing; for,  in  the  latter  case,  the  surface,  being  black,  radiates 
heat  more  rapidly,  and  also  presents  a  larger  area  to  the 
cooling   effect   of   the    atmospherf\      A'^    >    r.i.i.ri,     -j-i-ieral 
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approximation,  the  following  rule  for  capacity  of  feeders  will 
be  found  serviceable,  but  should  not  be  used  for  final  calcu- 
lation : 

Rule. —  The  current  which  a  given  wire  zvill  carry  safely^ 
when  exposed  to  the  airy  is  represented  approximately  by  the 
following  formula  : 


^^y^'    <^**'-> 


where  C  is  the  current  in  amperes  and  d  is  the  diameter  of 
wire  in  mils. 

3401.  In  our  calculations  for  size  of  conductor,  we 
have  considered  an  area  sufficient  to  give  a  certain  drop  of 
potential  at  a  temperature  of  75°  F.  When  the  current 
is  first  turned  on  the  line,  this  drop  will  result,  but  a  heat- 
ing effect  may  occur  after  a  short  time  which  will  raise  the 
resistance  and,  consequently,  reduce  the  current.  Provided 
the  rise  of  temperature  is  not  much  more  than  30°  C,  it  will 
be  safe,  but  the  E.  M.  F.  of  the  generators  must  be  increased 
to  make  up  for  the  additional  drop.  It  will  be  evident,  then, 
that  a  correction  in  terminal  drop  is  frequently  necessary, 
and  is  obtained  by  using  a  new  value  for  the  specific  resist- 
ance and  transposing  the  formula.  Constants  for  the  differ- 
ent temperatures  may  be  found  by  the  following  rule: 

Rule. —  The  resistance  of  a  copper  wire  increases  O.Jf.  per 
cent,  for  every  degree  Centigrade,  or  about  0.222 per  cent,  for 
every  degree  Fahrenheit,  that  its  temperature  rises  above  that 
of  the  surrounding  air. 

At  75°  F.,  the  resistance  of  a  wire  one  mil  in  diameter 
and  one  foot  long  is,  as  we  have  found,  10.79  ohms,  and  at 
any  temperature  /°  Fahrenheit,  the  resistance 

r  -  10.79  +  (.00222  X  10.79  X  /)  = 

10. 79 +  .0239538/.  (517.) 

A  temperature  rise  of  10°  C.  is  equivalent  to  18°  F.,  and 
taking  the  same  figures  as  those  in  the  table,  we  have  the 
following  values  for  the  coefficients; 
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Rise  of  10°  C.  =  18°  F.,  and  resistance  of  1  rail-foot — 

r  =  10.79  +  (.0239538  X  18)  =  11.22. 
Rise  of  20°  C.=  36°  F.,  r  =  10.79  +  (.0239538  X  36)  =  11.65. 
Rise  of  30°  C.=  54°  F.,r=  10.79  +  (.0239538  X  54)  =  12.08. 
Rise  of  40°  C.  =  72°  F.,  r  =  10.79  +  (.0239538  X  72)  =  12.51. 

The  following  examples  will  illustrate  the  method  of  deter- 
mining the  size  of  wire  for  any  railway  system,  by  the  formu- 
las given: 

Example. — A  road  is  proposed  to  be  built,  having  a  length  of  l^- 
miles,  single  track.  There  are  to  be  five  cars,  each  taking  an  average 
(estimated)  current  of  15  amperes,  and  the  allowable  drop,  exclusive  of 
ground  return,  is  to  be  50  volts,  or  less.  Will  a  single  No.  0  trolley- 
wire  suffice  ? 

Solution. — From  formula  514, 

,,      5.4  XT5X  7,920      ^a -tKo    •  i 

a'  = ^t: =  64,152  circ  mfls. 

50 


ti=  f/ 64,152  =  253  mils  =  .253  in. 

The  diameter  of  No.  0  wire  is  .325;  therefore,  it  will  amply  suffice, 
carrying  the  current  with  hardly  any  increase  of  temperature.     Ans. 

Example. — (a)  If,  in  the  above  example,  the  conductors  were  to  be 

provided  to  allow  of  50  volts  drop  with  the  load  concentrated  at  the  end 
of  the  line,  what  would  be  the  required  size  ?    (d)  What  would  be  the 
drop  if  a  No.  0  trolley-wire  alone  were  used  ? 
Solution. — {a)  By  formula  512, 

,,      10.79  X  75  X  7,920      ,„q  ,«_    .  ., 

a'  = E^T =  128,18o  circ.  mils, 

50 

This  area  is  greater  than  a  No.  0  trolley-wire,  which  is  105,592  circ. 
mils.     Subtracting,128, 185  —  105,592  =  22.593  circ.  mils. 


V  22,593  =  150  mils  =  .150  in. 

An  additional  feeder  must  therefore  be  added,  to  fulfil  these  con- 
ditions, its  diameter  being  .150  in. ;  or,  as  an  alternative,  we  might  put 
up  a  No.  00  trolley-wire,  which  measures  .3648  in.  in  diameter,  since 
^128, 185  =  358  mils  =  .358  in.     Ans. 

(fi)    From  formula  513,  we  obtain 

10.79x75x7.920      6.409.260      „«  -      ,. 
'  = 105:592 =  105:592- =  «^-^^°^^^     ^"^- 

Example. — An  electric  railway  is  to  be  built  having  an  arrangement 
as  shown  in  Fig.  1283,  with  three  feeders.  1.200.  2.100.  and  8,300  feet  in 
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length,  respectively.  The  mains  are  each  4,200  feet  long,  with  the 
feeder  connection  at  the  middle,  and  there  are  on  each  division  seven 
sections  of  trolley-wire  700  feet  long,  No.  0  B.  &  S.  gauge.  Double 
tracks  are  to  be  laid,  having  an  estimated  resistance  of  .025  ohm  per 


Fig.  1283. 

mile,  and  30  cars  will  be  used,  to  take  an  average  current  of  14  amperes 
each.  With  a  total  drop  on  any  division  of  about  50  volts,  what  sizes 
of  feeders  and  mains  will  be  required  ? 

Solution. — A  glance  at  the  plan  of  the  road  shows  that  return 
feeders  will  be  required,  as  the  station  is  removed  from  the  line  of  the 
railway,  and  that  these  will  run  from  that  portion  of  the  track  on  each 
division  nearest  to  the  power-house.  For  divisions  1  and  2,  a  single 
return  cable  will  suffice,  but  for  division  3  another  had  better  be  pro- 
vided, following  the  direction  of  the  outgoing  feeder. 

We  will  first  calculate  the  drop  in  pressure  through  that  portion  of 
the  circuit  containing  the  known  resistance.  Each  division  has  an 
average  of  10  cars,  since  there  are  80  in  all,  and  the  current  will  be 
14  X  10  =  140  amperes.  When  the  proper  distance  between  cars  is 
maintained,  there  can  never  be  two  on  one  length  of  trolley-wire 
between  the  sub-feeder  from  the  main,  at  the  center  of  the  section,  and 
the  end  of  the  section;  therefore,  the  current  is  14  amperes,  and  the 
length  of  wire,  350  feet;  the  size  is  No.  0,  area,  105,592  circular  mils, 
and  the  load  being  a  moving  one,  we  apply  formula  515,  giving  the 

drop 

5.4X14X350       26,460        „^      , 
'  =        105,592         =  105:592  =  -'^^  ^^^^^  ^^^ 

The  connection  from  the  track  to  the  power  station,  P.  S.,  is  indi- 
cated by  the  dotted  line.  For  the  track  resistance  of  division  1,  we 
will  consider  that  portion  lying  to  the  left,  its  length  being,  say.  3.800 
feet.     The  resistance  at  .025  ohm  per  mile  is 
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The  fall  of  f)otcntial  with  a  distributed  load  will  be  one-half  that 
with  the  load  at  the  end,  and  by  derivation  from  Ohm's  law, 

^  =  -^Xi^=-^X  .018  =  .97  volt,  (J>) 

the  current  in  divisions  1  and  2  being  considered,  in  the  case  of  the 
ground  circuit,  as  divided  in  the  ratio  of  the  two  lengths  of  track. 

For  division  2,  we  may  take  the  length  of  track  as  being  9,800 
--  3,800  =  6,000  feet.     The  resistance 

i?  =  ^X.025  =  .028ohm. 

The  current  will  be  280  —  108  =  172  amperes,  and  the  drop 

^  =  ^  X  /e  =  ^  X  .  028  =  2.41  volts.  (r) 

In  division  3,  the  connection  to  the  track  is  made  at  the  middle  of 
the  line;  there  is  then  to  be  considered  only  half  the  load,  in  order  to 
determine  the  fall  of  potential.  There  is  a  distributed  load  of  5  X  14 
=  70  amperes  over  a  distance  of  2,450  feet,  and  the  resistance 

R  =  1^  X  .025  =  .0116  ohm. 

The  current  is  70  amf>eres,  and  the  drop 

e  =  ^X  .0116  =  .41  volt.  (</) 

Returning  to  division  1,  we  have,  so  far,  the  drop  of  p>otential  in  the 
trolley-wire  and  track.  The  calculations  for  the  feeders  and  mains 
should  be  made  with  a  view  to  an  economical  section  of  copper,  pro- 
vided an  excessive  fall  in  potential  is  not  thereby  occasioned.  The 
main  is  in  each  division  connected  to  the  feeder  at  its  center.  A  dis- 
tributed load  of  70  amperes  is  carried  here,  and  allowing  for  a  tempera- 
ture rise  of  15"  C,  the  wire,  as  given  in  Table  107,  is  No.  3.  The  drop 
of  potential 

5.7x70x2,100      837,900      ,_  „      , 
'  = 52:634 =  -52:^  =  ^^-^  ^'^^'^  ("> 

The  current  in  the  feeders  will  be  140  amp>eres,  end  load,  and  for  an 
allowable  rise  of  15"  C,  the  size  will  be  No.  000.  Then,  for  the  outgoing 
feeder, 

11.44  X  140  X  1.200       1.921,920       . .   .^      . 
'  = mm =     167,805    =  ^^-^  ^'^^^^  (/> 

For  the  return  feeder,  the  proportional  current  may  be  taken  as 
before,  with  reference  to  length  of  track,  as  being  108  amp)eres.  For  a 
temperature  rise  of  15^  use  No.  0  wire  ;  then. 


I 


^       11.44X108X500       617,760      .^-      ,^ 

'  = mWi =  -m592  =  '^-^^°^^         <^> 
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In  the  second  division,  the  outgoing  feeder  is  3,300  feet  long,  and  the 
current  140  amperes,  the  wire  being  No.  000,  as  before  ;  then, 

^      11.44  X 140  X  3.300      „.  _      .  ^.^ 

'  = 167:805 =  ^^-^  ^°^*'-  (^) 

In  the  return  feeder,  the  current  is  280  —  108  =  172  amperes,  and  to 
carry  this  with  a  temperature  rise  of  15°  we  must  use  No.  0000,  and 

11.44  X  172  X  500      983,840       ,  ^„      , 

' = — 211:600 — ■  =  211:600  =  ^-^^  ^°^^^-     (') 

If,  now, we  take  for  the  main  the  same  wire  as  in  division  1,  the  sum 
of  the  drops  will  be  beyond  the  figure,  being  for  the  outgoing  feeder  31.5 ; 
for  the  main,  15.9;  trolley-wire,  0.25;  track,  2.41;  and  return  feeder,  4.65; 
total,  54.71  volts.  We  may  take  for  the  main  the  next  size  larger  wire. 
No.  2,  and  the  current  being  70  amperes,  the  heating  will  only  be  to  the 
extent  of  10°  C.  rise.     Then, 

5.6  X  70  X  2,100  _ 

66,373  ~  ^^ 

Substituting  this  value  for  that  taken  above,  we  have  a  total  of  51.21 
volts  lost,  which  is  sufficiently  near  the  desired  figure. 

In  division  3,  both  feeders  are  of  the  same  length,  and  carry  the  same 
current,  140  amperes.  Allowing  the  same  heating  as  in  the  other 
feeders,  15°  C,  we  have  No.  000  wire,  and 

11.44X140X2,100      3,363,360      „.  „ .       ,^  ,,, 

'  = 167:805 =  -167:805-  =  ^^'^^  ^°^*^-  (^> 

If  the  same  main  be  used  as  in  division  2,  the  drop  will  be  12.4,  and 
the  total  drop  53.08  volts.  If  necessary,  this  may  be  reduced  by  taking 
the  next  size  larger  wire,  No.  1,  and  with  a  temperature  rise  of  perhaps 
5°,  the  drop  would  be 

5.5  X  70  X  2,100      808,500 


83,694  ~  83,694 


=  9.66  volts,  (w) 


which  will  give  a  total  drop  of  potential  of  50.34  volts. 

Instead  of  having  wires  of  two  different  sizes  for  the  return  feeders  of 
divisions  1  and  2,  we  may  use  an  equivalent  of  two  No.  000.  This  is  the 
size  required  for  all  the  other  feeders,  so  that  uniformity  is  secured, 
and,  as  the  two  feeders  in  question  run  together,  there  will  be  no  differ- 
ence in  the  distribution  of  current.  Each  cable  will  carry  half  the 
total  current  of  280. amperes,  and  allowing  for  a  rise  in  temperature  of 
15°,  the  drop 

.  .  11.44  X  140  X  500  _  800.800  ,_ 
^  ~  167,805  ~  167,805  ~  °      '  ^^ 

which  value  may  be  substituted  for  the  drop  given  in  (^)  and  (/). 
On  adding  together  the  different  values  found  for  the  drop  of  poten- 
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tial  in  division  1,  the  total  will  be  found  to  be  only  33.34.  This  is  con- 
siderably below  the  limit  of  50  volts,  and  we  may  therefore  increase 
it.  The  return  feeder,  being  used  in  conjunction  with  that  of  divi- 
sion 2,  must  remain  as  already  determined ;  so  we  have  left  the  out- 
going feeder  and  main.     See  {/)  and  (^). 

For  the  former,  we  may  use  two  wires  in  parallel,  Nos.  3  and  4,  the 
combined  area  being  94,376  circular  mils,  which  will  transmit  the  neces- 
sary current  at  a  rise  of  temperature  of  30'.     The  drop  will  then  be 


12.08  X  140  X  1,200      2,029,440 


94,376 


94,376 


=  21.5  volts. 


{r) 


With  the  same  rise  of  temperature  in  the  main,  the  drop  would 
exceed  the  limit,  but  with  a  rise  of  20%  No.  4  wire  will  carry  the  cur- 
rent, and 


5.8  X  70  X  2,100       852,600 


41,742 


41,742 


=  20.42  volts. 


w 


We  may  now  summarize  as  follows: 

Loss  IX  Volts. 


Division. 

1. 

2. 

3. 

Outgoing  feeder 

21.50  (r) 

20.42  (.f) 

.25  {a) 

.97  {b) 

4.77  («) 

31.50  {h) 

12.40  {k) 

.25  {a) 

2.41  {c) 

4.77  («) 

20.04  (/) 

Main 

9.66  {m) 

Trolley-wire 

.25  {a) 

Track    

.41  {d) 

Return  feeder  

20.04  (/) 

Volts  lost,  total 

47.91 

51.33 

50.40 

Size  op  Wire. 

Outgoing  feeder 

j  One  No.  3.  ) 

\  One  No.  4.  ) 

No.  4. 

000 

000 

2 
000 

000 

Main 

1 

Return  feeder 

000 

EXAMPLES    FOR    PRACTICE. 

1.  A  road  is  proposed,  similar  to  that  shown  in  Fig.  1280,  single 
track,  2^  miles  long,  with  one  feeder  in  addition  to  the  trolley-wire, 
which  is  No.  0  B.  &  S.  gauge.  There  will  be  6  cars,  with  an  average 
current  of  20  amperes  each,  and  the  total  allowable  drop  is  to  average 
65  volts.  The  track  resistance  is  taken  at  .07  ohm  per  mile.  What 
will  be  the  size  of  feeder  ?  Ans.  No.  3  B.  &  S. 
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2.  In  the  above  example,  if  the  trolley-wire  were  divided  into  ten 
insulated  sections,  what  size  wire  should  be  used  for  the  feeder  ?  (Note 
that  length  of  feeder  is  one  half-section  less  than  trolley-wire.) 

Ans.  No.  000  B.  &  S. 

3.  In  Fig.  1282  is  shown  a  road  having  feeders  and  mains,  with 
4  sections  in  division  1  and  3  sections  in  division  2.  If  the  total  length 
of  railroad  is  3  miles,  double  track,  the  resistance  being  .035  ohm  per 
mile,  and  16  cars  are  run,  taking  an  average  current  of  20  amperes 
each,  what  will  be  the  size  of  feeders  and  mains.  No.  00  trolley-wire 
being  use  1  and  a  drop  of  75  volts  being  allowed  on  each  division  ? 

Note. — The  current  in  each  half  of  the  main  a  b  being  taken  off  at 
two  points  only,  provide  one  wire  from  f  to  a  and  from  f  to  b,  and 
another  from/ to  the  first  sub-feeder  m,  one-third  the  distance  from 
f  to  a  and  from^to  b.  The  track  resistance  on  the  first  division  is 
calculated  in  the  usual  way,  the  load  being  distributed,  but  for  the  sec- 
ond division  the  current  may  be  taken  as  an  end  load  at  a  distance  Sd. 


Ans.  - 


Div.  1.     Feeder,  4,526  ft. ;  No.  0000. 

Main  3,394  )         ...     No.  0. 

Main  1,131  h^"^  ^^^"' No.  0. 
Div.  2.     Feeder,  12,448  ft. ;  area,  356,608  circ.  mils. 

Main  2,263  ft.  each  side,  No.  0. 


TRACK  CONSTRUCTION. 


FORMS    OF    RAILS. 

3402.  Substantial  track  construction  is  of  supreme  im- 
portance in  electric  railway  work.  The  roadbed  can  not  be 
too  carefully  built,  and  it  is  well  to  follow,  in  general,  the 
best  steam  railroad  practice,  when  large  lines  are  projected. 
The  most  satisfactory  rail  has  been  found  to  be  the  T  rail, 
such  as  is  used  on  steam  roads,  but  this  can  not  be  used  in 
paved  streets,  and  the  girder  rail  takes  its  place.  Of  this 
there  are  many  different  designs.  In  Fig.  1284,  y^  is  a  cen- 
ter-bearing, B  a  side-bearing,  C  a  grooved,  and  D  a  box 
girder  rail;  a  T  rail  is  shown  at  E.  The  side-bearing  girder 
rail  is  most  employed  for  city  lines ;  the  grooved  form  is  a 
type  which  presents  least  obstruction  to  the  wheels  of 
wagons  in  crossing  the  tracks,  but  it  is  objectionable  from 
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the  fact  that  the  groove  may  become  filled  with  dirt   and 
cause  the  wheel  to  run  on  its  flange.     The  box  girder  may 


I 


FIG.  12*4. 

be  spiked  down  on  the  ties,  as  shown  in  the  illustration,  or 
held  on  a  special 
support  to  raise  it 
3  or  4  inches.  A 
light  form  of  side- 
bearing  girder  rail  is 
shown  in  Fig.  1285, 
with  slightly  curved 
channel-elates  f,  f 
to  bind  the  rails  to- 
gether at  the  joints.  pig.  i285. 
They  are  laid  upon  longitudinal  stringers  ^,  in  their  turn 
supported  on  cross-ties  or  sleepers  ^,  to  which  they  are 
secured  by  the  angle-plates  w,  m'  by  spiking  down.  The 
foundation  for  the  road  is  composed  of  a  layer  of  large 
broken  stones  covered  with  gravel  ballast  at  least  a  foot 
deep,  upon  which  the  ties  are  laid;  additional  gravel  is  filled 
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in  between  and  over  the  ties,  and  the  paving-stones  are  set 
on  this. 

Rails  are  made  of  deeper  section  now  than  formerly,  being, 
for  heavy  cars,  about  10  inches  in  height,  so  that  there  is 
room  for  the  paving-blocks  without  the  use  of  extra  sup- 
ports. The  base  of  the  rail  must  be  wide,  so  that  it  will  not 
cut  into  the  ties;  the  head  should  be  so  shaped  that  the 
wheel  will  be  directly  over  the  web,  and  the  tram  should  not 
be  too  wide,  unless  made  very  strong,  so  that  there  may  be 
no  tilting  of  the  rail  when  heavy  wagons  are  run  over  it. 
The  difference  in  height  between  tram  and  head  is  generally 
about  1^  in.,  the  head  being  2  to  2^  in.  wide,  the  tram  2^  to 
3  in.,  and  the  base  equal  to  these  two. 


CURVES. 

3403.     In  the  early  days   of   electric   railways,  simple 
curves  alone  were  used  in  rounding  street  corners,  that  is. 


Pig.  1286. 


Fig.  1287. 


they  were  laid  out  with  a  single  radius,  but  more  modern 
practice  employs  transition  curves.     These  are  formed 
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by  combining  curves  of  different  radii,  so  that  the  entrance 
of  the  car  into  the  curve  shall  be  gradual,  and  a  sudden 
shock  avoided.  The  theoretically  correct  method  of  laying 
out  a  curve  would  be  to  make  a  true  spiral  connection  be- 
tween the  end  of  the  straight  track  (called  the  tangent)  and 
the  center  of  the  curve,  but  this  would  be  practically  impos- 
sible. Some  engineers  advocate  a  near  approach  to  such 
practice  by  starting  with  a  radius  of  some  600  feet  or  more, 
and  changing  the  radius  every  two  feet,  as  measured  along 
the  track,  when  laying  out  the  approach  to  a  main  curve  of 
perhaps  35  feet  radius.  Such  frequent  change  of  radius 
would  be  very  difficult  for  a  trackman  to  accomplish,  and 
would  probably  not  be  done;  it  is  sufficient  to  change  the 
radius  at  distances  equal  to  the  length  of  the  wheel-base, 
an  initial  radius  of  100  feet  being  large  enough  for  street- 
railway  work.  It  is  not  easy  to  construct  switches  for  a 
greater  radius,  and  since  they  are  used  on  probably  fifty  per 
cent,  of  the  curves,  this  must  be  taken  into  consideration. 
In  Fig.  1286  are  shown  the  transition  curves  for  a  main 
radius  of  35  feet.  Each  chord,  or  length  of  curve  having 
the  same  radius,  is  about  equal  to  the  wheel-base  of  the  cars, 
and  there  are  three  curves  completing  the  transition,  having 
radii,  respectively,  of  100,  75,  and  55  feet.  Fig.  1287  shows 
a  transition  with  only  two  curves.  In  both  cases  the  initial 
curve  has  a  radius  of  100  feet,  and  the  remaining  curves 
should  be  divided  equally  between  that  radius  and  the 
radius  of  the  main  curve.  Thus,  for  the  curve  forming  the 
junction  of  the  100-ft.  and  35-ft.  curves,  a  radius  of  65  feet, 
about  midway  between  those  numbers,  is  taken. 


RAIL,  BONDS. 

3404.  The  electrical  connection  between  two  abutting 
rails  must  be  as  nearly  perfect  as  possible.  Electric  welding 
is  probably  one  of  the  most  satisfactory  methods  of  making 
the  connection,  but  where  this  is  not  possible,  rail  bonds 
are  used.     These  may  be  of  No.   4  B.   &   S.   copper  wire, 
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provided  with  riveting  terminals  which  are  pressed  into  holes 
in  the  web,  in  the  rails ;/,  in  as  at  w,  i,  Fig.  1288  ( j),  and  head- 
ed over.  To  ensure  a  good  connection,  the  holes  should  be 
reamed  out  just  previous  to  inserting  the  plug,  and,  to  allow 
for  this,  should  be  drilled  a  trifle  smaller  than  the  finished 
size.  It  will  be  found  cheaper  and  more  expeditious  to  drill 
the  holes  before  the  rails  leave  the  mill.     In  addition  to  the 
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Fig.  1288. 

bond  wires,  one  or  more  continuous  wires  c  must  be  run  the 
whole  length  of  the  track  and  connection  made  to  each  rail  r. 
This  is  useful  in  supplementing  the  bonds,  for,  if  they  alone 
were  to  be  depended  upon,  a  broken  wire  would  introduce  a 
large  resistance  into  the  circuit.  At  (x)  and  (s)  are  shown 
different  methods  of  making  rail  connections  with  the  return 
wires. 


Fig.  1289. 


Solid  bonds  of  the  type  shown  in  Fig.  1289  are  much  used. 
In  applying  this  bond,  the  enlarged  ends  a,  a  are  inserted 
into  the  holes  in  the  rails,  and  taper  plugs  <^,  <^  are  driven  in, 
which  expand  the  copper  heads  so  that  they  fit  tightly  in  the 
hole  in  the  rail,  the  edge  being  then  h^rnmereci  down. 
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A  cast-welded  joint  is  shown  in  Fig.  1290.  The  rails  are 
held  in  a  special  clamp  at  the  joint,  forming  a  mold,  and 
into  this  is  poured  molten  iron, 
which,  if  the  rail  is  first  carefully 
cleaned,  makes  a  joint  mechan- 
ically strong  and  electrically  of 
high  conductivity.  The  cast  iron 
(/  in  the  figure)  is  approximately  fig.  1290. 

100  pounds  in  weight,  and  covers  the  rails  for  a  length  of  10 
or  12  inches. 

A  form  of  bond  entirely  different  from  the  preceding  is 
the  plastic  bond.  Fig.  1291.     Near  the  ends  of  two  abut- 

(      M|     ting  rails   are  drilled 
^^^^^^n       T      shallow    holes,    enter- 
S^^^^^^g   ^tfSli^  ^^S  diagonally  down- 
FiG.  1291.  wards  into  the  junc- 

tion of  the  web  and  base.  These  are  filled  with  a  special  mer- 
cury amalgam,  and  a  U-shaped  bridge  /  of  amalgamated  cop- 
per fits  loosely  into  these  holes,  and  is  held  in  position  by  the 
fish-plate.  This  method  of  making  contact  between  the  rails 
is  said  to  produce  a  more  perfect  joint  than  any  other  method, 
the  conductivity  being  equal  to  that  of  the  rail  itself. 

In  the  matter  of  placing  joints,  whether  opposite  each 
other  or  broken,  there  is  a  wide  difference  of  opinion  among 
engineers,  and  much  to  be  said  on  both  sides.  The  practice 
almost  universally  followed  in  this  country  is  to  lay  broken 
joints. 


O 


THE    POWER    STATION. 

3405.  The  railway  power  station  differs  in  no  very  im- 
portant respect  from  the  general  design  as  already  given. 
The  same  remarks  apply  to  the  arrangement  of  the  plant 
and  selection  of  boilers,  engines,  and  dynamos.  The  en- 
gines must  be  chosen  with  a  view  to  running  under  sudden 
changes  of  load  while  in  service,  and  on  this  account  they 
should  be  provided  with  heavy  fly-wheels  and  quick-acting 
governors.     If  the   power  station  is  to  supply  current  to 
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only  a  few  cars,  simple  high-speed  engines  with  a  wide 
range  of  cut-off  should  be  installed;  but  when  a  large  num- 
ber of  cars  is  to  be  used,  compound  high-speed  or  Corliss 
engines  should  be  chosen.  The  method  to  be  employed  in 
determining  the  size  of  engines  and  dynamos  for  any  given 
road  will  be  explained  under  the  head  of  Power  Estimates. 


CAR  HOUSE  AND  REPAIR-SHOP. 

3406.  The  car  house  is  a  building  in  which  the  cars 
are  stored  during  those  hours  of  the  night  when  the  line  is 
out  of  operation,  and  should  contain  all  facilities  for  inspec- 
tion and  repair.  It  is  not  necessary  that  it  should  be  near 
the  station,  for  it  may  be  located  wherever  convenient,  even  at 
the  other  end  of  the  line.  Telephonic  communication  should, 
however,  be  provided  with  the  power-house,  so  that  current 
for  the  cars  may  be  available  when  required.  Space  should 
be  allowed  for  somewhat  more  than  the  number  of  cars  in 
use,  to  provide  for  additional  rolling-stock,  as  the  extension 
of  the  system  may  warrant.  The  general  plan  of  the  build- 
ing should  be  long,  and  it  should  be  traversed  by  as  many 
parallel  tracks  as  the  required  accommodation  calls  for,  all 
entering  at  one  end,  and  each  track  closed  by  a  large  folding- 
door.  The  rails  should  be  laid  on  brickwork  piers  or  walls 
provided  with  substantial  foundation,  with  a  clear  space 
between,  forming  a  pit  four  or  five  feet  deep,  by  means  of 
which  ready  access  may  be  had  to  the  motors  and  other 
fittings  under  the  car  body.  The  floor  of  the  pit  should  be 
laid  with  concrete,  as  small  trucks  may  then  be  easily  moved 
along  it,  carrying  armatures  or  other  parts  for  the  cars. 
With  the  increasing  weights  of  motors,  the  old  practice  of 
raising  them  into  place  by  main  force  is  becoming  more 
evidently  inadequate.  It  is,  at  best,  a  very  inefficient 
means,  wasting  both  time  and  energy,  and  the  most  satis- 
factory method  of  handling  is  by  the  use  of  hydraulic  jacks, 
which  may  be  bought  on  the  market,  adapted  to  this  partic- 
ular purpose,  and  mounted  on  trucks  to  run  on  rails  laid  in 
the  pit. 
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3407.  The  wiring  of  the  car  house  is  a  simple  matter, 
one  overhead  wire  being  brought  in  over  each  track  and 
connected  at  the  door  by  a  switch, 
so  that  it  may  be  cut  out  of  cir- 
cuit for  the  sake  of  greater  safety 
in  handling  the  motors.  These 
wires  may  be  supported  on  insula- 
tors, as  shown  in  Fig.  1292,  and 
are  intended  to  be  fastened  to 
overhead  wooden  beams  by  the 
lugs  3,  b.  The  clamp  c  holds  the 
wire  in  the  groove  at  the  bottom, 
and  is  screwed  to  an  insulated  bolt 
passing  through  the  frame  a. 

3408.  It  is  well  to  make  some  fig-  1292. 
provision  for  running  cars  out  in  case  of  fire.  This  is 
sometimes  accomplished  by  making  the  track  inclined,  so 
that  the  cars  will  run  down  and  out  by  gravity  when  the 
brakes  are  released ;  another  suggestion  is  to  set  the  con- 
trollers of  all  cars  on  the  first  notch  when  they  are  left  for 
the  night,  but  cut  off  the  current  from  the  overhead  sec- 
tions. In  case  of  fire,  the  switches  at  the  doors  may  be 
thrown  over  one  by  one,  and  all  the  cars  would  then  slowly 
move  out.  Probably  the  best  plan  is  to  make  the  building 
of  brick,  with  concrete  floor  and  iron  roof,  so  that  the 
danger  of  fire  will  be  reduced  to  a  minimum. 


3409. 


When  the  car  house  is  situated  near  the  street 
line,  the  several  tracks 
running  into  it  should  not 
start  from  the  main  line, 
but  a  siding  j.  Fig.  1293, 
should  be  laid  out  so  that 
through  cars  need  not  go 
over  so  many  switches. 
Those  from  the  left  pass 
over  the  switch  a  only, 
those  from  the  right  over  b 
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only,  saving  some  amount  of  wear  and  tear  on  car-wheels 
and  greatly  prolonging  the  life  of  the  switches, 

341 0.  The  repair-shop  may  be  built  directly  at  the  end 
of  the  car  house,  being  in  fact  a  continuation  of  it,  but  sepa- 
rated by  the  wall.  Here  a  few  tools,  such  as  lathes,  a  small 
planer,  shaper,  milling-machines, boring-machines,  hydraulic 
press,  grinding-machine,  etc.,  should  be  available,  as  well  as 
a  blacksmith  shop,  so  that  repairs  may  be  promptly  attended 
to.  Of  especial  importance  is  the  grinding  of  wheels  to  re- 
move any  flats  which  may  and  do  occur,  owing  to  ill  usage 
on  the  part  of  careless  motormen,  or  to  soft  spots  on  the 
wheel.  The  question  as  to  whether  it  is  well  to  regrind 
wheels  depends  upon  the  cost  involved,  and  also  upon  the 
likelihood  of  continued  service.  If  a  wheel  has  run  about 
40,000  or  50,000  miles,  it  will  perhaps  not  pay  to  regrind, 
because  so  much  of  the  surface  is  worn  away  that  there  is 
no  depth  of  chilled  iron  left,  and  the  tread  of  the  wheel  is 
soft.  Then,  again,  if  the  wheel  has  to  be  removed  from  the 
axle  after  running  35,000  miles,  the  expense  incurred  may 
not  pay  for  the  increased  mileage  obtained.  Special  grind- 
ing attachments  may,  however,  be  had,  which  may  be  fitted 
to  the  axle  while  the  car  is  blocked  up  from  the  rails,  and 
the  wheels  trued  up  without  removing  them  and  with  little 
delay.  The  motors  on  the  car  are  used  to  revolve  the 
wheels,  resistance  being  inserted  at  some  suitable  point  un- 
til the  speed  is  about  100  revolutions  per  minute.  When 
the  other  pair  of  wheels  is  resting  on  the  track,  that  motor 
must  be  cut  out.  If  flats  on  the  wheels  are  allowed  to  de- 
velop, they  will  tend  to  destroy  the  track,  since  they  cause 
heavy  blows  to  be  delivered  at  every  revolution.  Frequent 
inspection  should  be  made  of  all  cars,  that  no  loose  con- 
nections be  allowed,  and  that  commutators,  brushes,  gears, 
etc.,  are  kept  in  good  condition. 

Another  division  of  the  repair  department  is  the  paint 
shop.  Cracks  develop  in  the  car  sides  frequently,  owing  to 
the  constant  vibration  due  to  running,  and  these  should  be 
filled   and   painted  as  soon   as  they  appear,  to  prevent  the 
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access  of  water  to  the  interior.     All  cars  need  revarnishing 
about  once  a  year 

Sl^'ITCHBOARDS. 

3411.  The  switchboards  are  insulating  supports  for 
cable  terminals,  measuring  instruments,  and  switches,  as 
already  described  in  the  section  on  Electric  Transmission. 
They  are  usually  made  of  a  number  of  vertical  slabs  of 
marble  or  slate,  frequently  six  or  seven  feet  in  height,  and 
each  from  eighteen  inches  to  two  feet  or  more  in  width. 
These  divisions  are  called  />ani'/s,  and  each  is  provided  with 
switches  and  other  instruments  necessary  for  the  regulation 
of  one  generator  or  of  one  feeder  circuit,  the  feeders  being 
those  wires  which  carry  the  current  from  the  station  to  the 


■ 


Fig.  1294. 

centers  of  distribution.  The  switchboard  must  be  set  a  little 
distance  away  from  the  wall  and  supported  by  brackets 
fastened  into  the  brickwork,  sufficient  space  being  allowed 
for  ready  access  and  convenient  handling  of  the  wires. 
There  are  many  different  styles  of  arrangement  of  switch- 
board appliances,  but  a  representative  method  is  shown  in 
Fig.  1294.  There  are  generally  two  main  divisions,  one  of 
which  contains  the  panels  for  the  generator  instruments  and 
the  other  those  for  the  several  feeders.  In  the  illustration 
we  have  shown  a  switchboard  for  two  generators  and  four 
feeders,  to  which  extra  panels  might  be  added  as  the  busi- 
ness extended.     The  generator  panels  are  on  the  left,  those 
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for  the  feeders  on  the  right.  All  connections  are  made  be- 
hind the  board,  and  the  wires  are  shown  dotted  in  the  dia- 
gram. The  bar  running  all  the  way  across,  marked  +  j5, 
is  the  positive  bus-bar;  the  negative  bus-bar  is  —  B,  and  is 
much  smaller,  both  in  cross-section  and  length,  as  it  is  only- 
required  to  carry  the  current  from  one  generator,  there  being 
a  connection  to  ground  at  G.  On  the  generator  panels  at  the 
bottom  are  the  double-pole  switches  G.  S.,  from  which  leads 
are  run  to  the  generator  terminals,  as  indicated.  The 
current  passes  from  the  positive  side  of  the  machine  through 
the  right-hand  blade  of  the  switch  to  the  ammeter  shunt  s, 
then  through  the  circuit-breaker  C.  B.  to  the  positive  bus- 
bar. The  wattmeter  W.  M.  is  interposed  in  the  circuit, 
being  located,  as  shown,  on  the  central  panel;  above  it  is 
the  load  ammeter  A,  connected  across  the  shunt,  which  in- 
dicates the  current  output  at  any  moment;  the  wattmeter 
sums  up  the  total  power  which  is  delivered  to  the  whole 
feeder  system.  At  each  of  the  feeder  panels,  connection  is 
made  to  the  bus-bar  at  a,  and  current  is  taken  for  the  out- 
side circuits,  passing  through  the  circuit-breakers  at  the  top 
of  the  board,  then  down  to  the  ammeter  shunts  s^  and  the 
single-pole  feeder  switches  F.  S.  It  may  here  be  remarked 
that  intersecting  leads,  as  shown  in  the  figure,  do  not  touch 
each  other  unless  they  are  marked  with  a  dot  at  the  point  of 
junction;  considerable  clearance  space  should  be  given 
between  any  bare  wires  or  bars  crossing  each  other,  and  they 
must  be  firmly  secured  so  that  at  no  time  will  there  be  any 
danger  of  their  coming  into  contact. 

At  the  back  of  the  generator  panels  there  are  rheostats  7?, 
the  handles  of  which  project  through  to  the  front.  These 
resistances  are  in  series  with  the  shunt  field  windings  of  the 
generators,  to  regulate  the  field  strength.  Circuit-breakers 
are  used  instead  of  fuses,  as  they  are  much  quicker  in  action, 
and  more  easily  adjusted  to  any  current.  They  are  simply 
automatic  spring  switches,  which  are  released  by  an  electro- 
magnet when  the  current  exceeds  a  certain  strength,  and  are 
reset  by  pulling  down  the  switch  handle.  Frequently,  an 
electric  bell  is  used  as  an  automatic  signal  to  show  the  at- 
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tendant  that  one  of  the  feeder  lines  is  broken,  in  case  he  did 
not  hear  the  sound  of  the  falling  switch. 

3412.  The  ammeter  shunt  is  used  to  avoid  the 
necessity  of  sending  a  very  heavy  current  through  the  in- 
strument. Its  construction  is  shown  in  Fig.  1295.  Two 
heavy  copper  terminals  /,  /,  are  soldered  to  the  ends  of  the 
cables  c,  r,,  the  recesses  being  shaped  to  fit.  Connection 
between  the  terminals  is  made  by  strips  of  metal  alloy  a 
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Fig.  1295. 

soldered  in  place,  thus  forming  a  path  of  higher  resistance 
than  the  main  line.  The  ammeter  leads  are  brought  to  these 
terminals  and  firmly  clamped  in  place  by  the  bolts  ^,  b^. 
The  instrument  thus  becomes  virtually  a  voltmeter,  indica^ 
ting  the  drop  of  potential  between  those  two  points;  but 
since  this  is  proportional  to  the  current  flowing,  the  resulting 
readings  are  correct. 

3413.  Every  panel  should  have  a  distinguishing 
number  or  letter,  repeated,  in  the  case  of  the  generator 
panels,  on  the  machines  which  they  control,  so  that  no 
mistake  may  be  made  in  switch  manipulation  and  any 
trouble  set  right  without  delay. 

An  extra  panel  may  be  provided  to  carry  one  or  more 
station  voltmeters,  or  they  may  be  mounted  on  the  central 
panel.  A  ground  detector,  similar  in  principle  to  those 
already  familiar  to  the  student,  may  also  be  added.     This 
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will  take  the  form  of  two  series  of  five  lamps,  connecting 
between  each  bus-bar  and  the  ground. 

The  dynamos  are  always  compound-wound,  and  an  equal- 
izing bar  may  be  added  to  the  switchboard,  as  already  ex- 
plained in  the  section  on  Electric  Transmission.  Lightning- 
arresters  are  to  be  placed  on  all  outgoing  feeders,  usually 
just  outside  the  building,  to  protect  the  dynamos  and 
instruments  from  damasre. 


THE    TESTING    STATION. 

3414.  The  testing  station  is  a  most  important  de- 
partment of  the  railway  system.  It  is  not  at  all  necessary, 
or  even  desirable,  that  it  should  be  close  to  the  power- 
house; in  fact,  it  will  be  found  that  greater  precision  of 
measurement  can  be  obtained  when  the  instruments  are  re- 
moved from  the  influence  of  the  strong  currents  in  that 
neighborhood,  which  may  affect  the  galvanometers  and  pre- 
vent accuracy  in  testing.  The  apparatus  required  will 
include  a  reflecting  galvanometer,  capable  of  being  con- 
nected differentially  or  not,  as  desired,  a  battery  of  150 
Leclanche  cells,  and  a  Wheatstone  bridge  (capacity  about  .1 
to  10,000  ohms).  In  addition  to  these,  there  should  be  pro- 
vided a  ballistic  galvanometer,  a  standard  condenser  of 
about  ^  microfarad  and  one  of  -^^  microfarad.  The  reflect- 
ing galvanometer  is  used  in  testing  the  insulation  resistance 
of  the  cables  when  there  are  no  disturbing  currents  in 
neighboring  conductors,  the  arrangement  of  instruments 
being  that  shown  in  the  section  on  Electric  Transmission, 
Fig.  1227. 

3415.  The  direct  deflection  method  of  testing  insula- 
tion resistance  can  not  be  used  when  adjoining  cables  carry 
heavy  variable  currents,  as  the  readings  are  affected  thereby, 
and  it  is  therefore  not  suitable  for  testing  one  cable  of  a 
railway  system  when  others  in  proximity  to  it  are  supplying 
current  for  cars.  In  this  case  the  ballistic  galvanometer  is 
employed  to  measure  a  charge  held  by  the  cable,  the 
amount  of  leakage  in  a  given  time  being  dependent  upon 
the  insulating  qualities  of  the  covering. 
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3416.  The  cells  of  the  testing  battery  should  be 
charged  with  a  solution  only  about  one-fifth  the  usual 
strength,  which  will  prevent  the  salts  creeping,  and,  since 
the  current  used  is  so  small,  the  solution  will  be  sufficiently 
active  to  produce  it.  It  is  necessary  to  highly  insulate  the 
battery,  as  well  as  all  wires  and  switches,  in  all  insulation 
tests;  the  cells  may  be  arranged  on  glass  plates  supported 
on  porcelain  oil  insulators.  At  various  points,  flexible 
leads  are  connected  and  brought  to  a  convenient  part  of  the 
instrument  table,  or  made  fast  to  studs  on  a  suspended  in- 
sulated frame,  where  connections  may  be  made  to  their 
ends  by  means  of  metal  clips  attached  to  flexible  cords, 

3417.  The  method  employed  in  testing  insulation  by 
the  ballistic  galvanometer  involves  the  determination  of  the 
capacity  of  the  cable,  which  is  found  by  comparing  it  with 
a  standard  condenser.  Before  any  tests  can  be  made,  it  is 
necessary  to  neutralize  the  charge  in  the  cable  due  to  its 
having  been  subjected  for  a  long  time  to  the  effect  of  the 
500-volt  potential,  which  causes  the  dielectric  to  retain  con- 
siderable electrification,  which  leaks  out  slowly  and  continu- 
ously into  the  cable  after  it  is  disconnected  from  the  source 
of  supply.  This,  if  not  removed  before  commencing  tests, 
would  indicate  a  much  higher  apparent  resistance  than  the 
cable  really  possesses.  Neutralization  may  be  effected  by 
grounding  the  core  of  the  cable  for  perhaps  a  couple  of 
hours,  but  it  is  not  always  possible  or  desirable  to  wait  so 
long,  and  other  means  must  be  employed.  If  the  cable  is 
charged  positively  by  the  generators,  at  500  volts,  then  it 
may  be  brought  to  a  neutral  state  by  applying  500  volts 
negative,  the  time  of  application  varying  from  one  to  thirty 
seconds.  A  peculiarity  to  be  noted  is  that  the  cable  may 
return  charges  alternating  in  sign,  in  reverse  order  to  that 
in  which  they  were  applied.  A  test  for  complete  neutral- 
ization is  to  insulate  the  core  for  one  minute,  and  see  that 
no  deflection  is  produced  on  connecting  to  earth  through 
the  galvanometer. 

3418.  In  determining  tlic  capacity  of  the  cable,  the  far 
end  is  disconnected  from  the  trolley-line  and  insulated.     A 
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deflection  d^  is  then  obtained  on  the  galvanometer  with  a 
standard  condenser  of  perhaps  half  a  microfarad  and  (the 
same  battery  being  used)  a  deflection  d^  on  the  cable.  Then, 
if  A'j^  the  capacity  of  the  condenser  and  K^-=.  the  capaci^ty 
of  the  cable, 

K,  :  K,  ::  d^  :  <,  or  K,  =  K^"^.  (518.) 

The  capacity  may  also  be  given  by  the  manufrxturer  who 
supplies  the  cable. 

3419.     A  simple  arrangement  for  testing  the  insulation 
resistance  of  a  cable  is  shown  in  Fig.  1296.     A  small  con- 
denser  c   of    negligible 


fc  capacity  (say  -^^  micro- 

^ farad)    is  connected  to 

ground    at    G   through 
^j^  the  ballistic  galvanom- 

eter   g;    also     to     the 
E  cable,    or    line    L,    by 

E  means  of  the  key  k,  so 

"  that    both    may    be 

charged  at  once  by  the 
battery  B.  The  method 
of  operation  is  as  fol- 
lows :  All  leading  wires, 
instruments,  and 
switches  being  thor- 
oughly insulated,  and 
the  cable  freed  at  the  far  end,  it  is  connected  by  the  key 
k  with  the  condenser  c.  Key  k^  is  then  depressed,  and  a 
charge  given  both  condenser  and  cable,  the  condenser 
taking  a  proportionate  part.  At  a  moment  when  the  cur- 
rent through  the  galvanometer  is  zero,  indicating  that  the 
charge  in  the  cable  is  steady,  the  key  i'  is  released,  and  the 
condenser  discharges  through  the  galvanometer,  giving  a 
deflection  d^  representing  the  full  charge  of  the  cable.  The 
key    ^   is    then    again   depressed,  and    the    battery   again 
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Fig.  1296. 
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charges  the  cable  and  condenser  for  say  30  seconds,  after 
which  the  battery  is  disconnected  at  >&„  and  leakage  is 
allowed  to  take  place  for  perhaps  five  minutes.  If  the 
galvanometer  shows  a  steady  charge,  the  key  k  is  then 
raised;  discharging  the  condenser  through  the  galvanom- 
eter and  giving  a  deflection  d^,  which  is  smaller  than  the 
first  on  account  of  the  loss  by  leakage. 

3420.  The  formula  used  in  the  determination  of  resist- 
ance is 

I^   '^^■^'  (519.) 

where /=  insulation  resistance  of  cable  in  megohms,  /  = 
time  in  minutes  during  which  the  charge  is  allowed  to  leak, 
K=.  capacity  of  cable  in  microfarads,  d^  =  initial  discharge 
deflection,  ^,=  final  discharge  deflection  after  /  minutes. 

Rule. —  To  find  the  insulation  resistance  of  a  cable  by  the 
ballistic  galvanometer  method,  multiply  the  time  in  mimites 
during  which  the  charge  is  allowed  to  leak  by  26.06,  and 
divide  the  product  by  a  number  obtained  by  multiplying 
together  the  capacity  of  the  cable  in  microfarads  and  the 
logarithm  of  the  quotient  given  by  dividing  the  initial  dis- 
charge deflection  {representing  full  charge")  by  the  final 
discharge  deflection. 

Example. — A  railway  feeder  is  S^  miles  long,  and  has  a  capacity  of 
[2.5  microfarads.  The  galvanometer  deflection  for  full  charge  was  234 
idivisions,  and  after  five  minutes'  leakage  a  deflection  of  104  divisions 
jwas  observed.     What  was  the  insulation  resistance  ? 

Solution. — According  to  formula  519, 

26.06  X  5 
^-2.5xlogf8f 
f^  =  2.25.    By  reference  to  a  tabic  of  logarithms  it  will  be  seen  that 
the  logarithm  of  2.25  is  0.352. 

Substituting  this  value  for  the  ratio  of  the  deflections,  we  have 


I 


130  3 

/=  insulation  resistance  =  :r-= '  ..^^  =  148  megohms.     Ans. 

2.5  X  0.352  * 
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3421.  The  insulation  of  all  cables  should  be  periodi- 
cally tested,  in  order  to  avoid  breakdowns.  A  fault  will 
usually  develop  quite  slowly,  and,  being  constantly  watched, 
the  cable  may  be  put  out  of  service  before  trouble  is  caused 
or  a  dangerous  point  reached.  It  will  be  found  convenient 
to  provide  a  section-lined  chart,  upon  which  the  insulation 
of  each  cable  may  be  graphically  noted  at  every  test,  the 
line  obtained  by  joining  these  readings  showing  at  a  glance 
the  condition  of  the  cable.  Such  a  chart  is  shown  in  Fig. 
1297,  the  vertical  divisions  representing  weeks  and  months, 
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Fig.  1297. 

each  chart  constituting  a  record  for  six  months.  Several 
cables  may  be  grouped  together  on  one  sheet  by  using  dif- 
ferent colored  inks  or  lines  of  different  formation.  Three 
cables  are  shown  in  the  figure;  the  heavy  line  represents 
the  action  of  a  cable  in  which  a  fault  is  developing.  It  will 
be  seen  that  there  is  a  decided  droop  in  the  curve  in  the 
tests  made  after  March  18,  and  that  one  month  later  the 
insulation  is  still  lower,  its  resistance  steadily  decreasing 
during  another  month,  until  it  has  a  decided  fall  in  May; 
the  last  test  on  the  27th  of  that  month  shows  such  a  low 
value  that  the  cable  is  put  out  of  service,  the  fault  located 
and  repaired;  and  on  June  10  the  service  is  resumed,  the 
insulation  resistance  being  350  megohms.     These   records 
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are  very  valuable,  showing  the  degrees  of  insulation  of  the 
various  cables  and  affording  a  means  of  judging  the  com- 
parative merits  of  different  makes. 

3422.  Ordinary  methods  of  testing  for  faults  are  not 
applicable  to  railway  feeders,  owing  to  their  low  resistance, 
which  renders  accurate  determinations  almost  out  of  the 
question.  A  means  of  locating  a  fault  is  shown  in  Fig.  1298. 
This  requires  that  two  well-insulated  wires  w,  w'  be  run  the 
length  of  the  cable.     At  the  testing  station,  located  at  one 
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Fig.  1298. 


end  of  the  line,  are  two  resistance-boxes  /?,  7?,,  connected  on 
one  side  through  the  battery  B  to  the  ground  at  G,  and  on 
the  other  to  A^  ^,,  respectively,  these  points  being  the  ter- 
minals of  the  extra  line-wires,  which  are  connected  together 
and  to  the  cable  at  the  far  end,  this  end  being  insulated.  A 
Thomson  galvanometer  g  is  inserted  in  iv' ;  the  resistance 
of  w  is  known,  also  the  length  of  the  cable,  or  its  resistance. 
If  a  fault  should  develop  at  /%  it  will  be  seen  that  we  may 
arrange  the  different  resistances  in  the  form  of  a  Wheatstone 
bridge.  Taking  the  above  letters  as  indicating  the  several 
resistances,  thenar  \  b  \\  R^  :  7?  -f-  w.  But^z  -\-  b-=  C\  there- 
fore, a\  C  \\  R^\  R^-\-R-\-w,  and 
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If  C  =  length  of  cable  in  feet,  then  the  distance  in  feet 
from  the  testing  point  to  the  fault  is 

This  determination  is  independent  of  the  copper  resistance 
of  the  cable,  if  it  is  of  uniform  size.  In  the  above  arrange- 
ment, the  resistance  of  the  leading  wires  between  K  and  A, 
and  between  R^  and  ^„  may  be  neglected,  being  very  small. 
Rule. — To  find  the  distance  in  feet  to  a  fault  from  the  end 
of  a  cable,  obtain  a  balance  on  the  galvanometer  with  the 
arrangement  shown  in  Fig.  1298,  then  multiply  the  length  of 
cable  in  feet  by  the  resistance  ijt  box  R^,  and  divide  the  product 
by  t lie  sum  of  the  resistances  in  the  two  boxes  R  andR^  and  the 
resistance  of  the  line-wire  zv. 

Example. — On  testing  for  a  fault  in  a  cable,  a  line-wire  is  used  hav- 
ing a  resistance'of  13  ohms;  the  resistance-box  in  series  with  it  has  230 
ohms  when  the  galvanometer  shows  a  balance,  and  the  box  connected 
to  the  station  end  of  the  cable  has  93  ohms.  The  length  of  the  cable  is 
8,000  feet.     What  is  the  distance  from  the  testing  station  to  the  fault  ? 

Solution. — The  quantities  given  are:  /?  =  230,  7?i  =  93,  w  =  12, 
C  =  8,000.     (Compare  Fig.  1298.)     From  formula  521, 

„         8,000  X  93         o  ooi  *     .       A 
^  =  93T230TT2  =  2'221^^^^-     ^^^ 


EXAMPLES  FOR  PRACTICE. 

1.  The  testing  arrangements,  when  determining  the  insulation 
resistance  of  a  certain  cable,  are  as  follows:  A  Thomson  reflecting  gal- 
vanometer of  10,000  ohms  resistance;  shunt,  1,480  ohms;  resistance- 
box,  1,000,560  ohms;  battery,  500  ohms.  The  deflection  for  galva- 
nometer constant  was  306  divisions,  and  the  corrected  deflection  from 
cable  was  95  divisions.     What  was  the  insulation  resistance  ? 

Ans.  23.24  megohms. 

2.  The  capacity  of  a  cable  is  2.14  microfarads.  On  testing  for  in- 
sulation by  the  loss  of  charge  method,  the  deflection  for  full  charge 
was  287  divisions,  and  the  deflection  after  four  minutes'  leakage  was 
194  divisions.     Find  the  insulation  resistance.        Ans.  286.4  megohms. 

3.  In  testing  a  cable  for  a  fault,  the  ends  were  freed  from  ground 
and  joined  by  a  wire,  a  galvanometer  being  included  in  the  circuit. 
Another  wire  from  the  far  end  of  the  cable  was  brought  to  the  testing 
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station  at  the  near  end,  its  resistance  being  5.8  ohms,  and  there  con- 
nected to  one  terminal  of  a  resistance-box  A.  The  near  end  of  the 
cable  was  connected  to  one  terminal  of  a  resistance-box  B,  and  the 
remaining  terminals  of  the  two  boxes  were  joined  together  and  to  one 
pole  of  a  battery,  the  other  pole  being  grounded.  On  a  balance  being 
obtained  with  the  galvanometer,  there  was  in  ^  a  resistance  of  340 
ohms,  and  in  B  860  ohms.  What  was  the  distance  to  the  fault  from 
t'.ie  station,  the  cable  being  11,000  feet  long  ?  Ans.  7,845  feet. 


ALTERNATING  CURRENTS  IN  RAIL\%^AY 
WORK. 
3423.  The  use  of  alternating  currents  is,  in  general, 
only  advisable  when  the  source  of  power  is  a  long  distance 
from  the  point  of  utilization  or  distribution,  and  in  such 
cases  the  three-phase  system  of  transmission  has  proved  well 
adapted  to  the  purpose.  It  is  then  usual  to  install  gener- 
ators supplying  a  three-phase  high-tension  current  directly 
to  the  line;  but  if  the  distance  is  so  great  as  to  make  a  very 
high  tension  (of  10,000  or  15,000  volts)  necessary,  step-up 
transformers  are  used  in  connection  with  low-voltage  gen- 
erators. At  the  sub-station  this  current  is  then  lowered  by 
means  of  a  step-down  transformer  and  brought  to  a  rotary 
transformer,  or  motor-dynamo,  which  supplies  a  direct  cur- 
rent to  the  street-railway  system  at  the  regular  pressure  of 
500  volts.  Rotary  field  motors  are  sometimes  used  on  the 
cars,  in  which  case  the  high-tension  current  is  simply  trans- 
formed to  a  lower  pressure,  and  so  used,  but  such  a  system 
requires  two  trolleys  on  each  car  and  double  overhead  con- 
struction, two  wires  running  side  by  side  and  insulated  from 
each  other.  The  switches  and  crossings  become  more  -com- 
plicated in  consequence,  and  the  wear  and  tear  is  greater. 
On  the  other  hand,  the  total  weight  of  wire  put  up  need  not 
be  much  greater  than  would  be  the  case  with  the  direct-cur- 
rent supply;  the  motors  also  are  of  very  simple  construction, 
and  not  liable  to  get  out  of  order,  having  no  commutators. 
Speed  regulation  is  effected  by  cutting  out  the  starting  re- 
sistances; the  armature  is  designed  to  give  a  large  starting 
torque,  and   any  of   the  e.xtra  resistance  in  series  with   it 
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becomes  a  reactive  coil,  full  speed  being  attained  when  this 
is  cut  out  entirely.  A  peculiarity  of  the  motor  is  that  the 
speed  is  nearly  constant  under  varying  load,  which  is  due  to 
the  low  resistance  of  the  armature,  as  will  be  explained  in 
the  section  treating  of  alternating  currents. 

The  chief  field  for  polyphase  railway  systems  is  in  long- 
distance or  interurban  traffic,  where  there  is  less  danger  to 
life  from  the  high-tension  current  and  few  crossings  of  wires. 


THE    APPLICATION    OF     BATTERIES    TO    ELEC- 
TRIC   TRACTION. 

3424.  Storage-batteries  may,  in  some  cases,  be  used 
with  advantage  in  connection  with  electric  railways.  When 
used  in  a  station,  the  engines  may  always  be  run  at  full  load, 
and,  during  the  time  that  the  output  to  the  line  is  below 
the  average,  the  batteries  will  be  charged,  and  when  there 
is  a  rise  in  the  external  load  the  batteries  will  assist  the 
engines.  Such  an  arrangement  is  seldom  put  in  practice, 
partly  on  account  of  the  first  cost  of  the  battery,  but  more 
generally  because  there  is  sure  to  be  deterioration,  more  or 
less  rapid,  according  to  the  quality  of  the  cells  and  the 
amount  of  attention  they  receive,  and  central  station  mana- 
gers are  skeptical  as  to  their  value.  There  is  usually  some 
period  in  the  day's  run  when  the  station  load  rises  to  a  point 
where  it  is  double  the  regular  amount,  and,  notwithstanding 
its  short  duration,  engine  power  must  be  provided  to  take 
that  load.  It  is  here  that  the  value  of  the  storage-battery 
is  apparent,  for  its  reserve  power  is  then  given  out,  and  the 
engines  do  not  require  to  furnish  more  than  the  normal 
load,  and  can  be  smaller  and  run  more  economically  than 
would  otherwise  be  possible.  A  separate  engine  might  be 
provided  for  this  extra  load,  but,  since  it  would  be  standing 
idle  most  of  the  time,  the  interest  on  its  cost  would  be  a 
continual  loss. 

3425.  There  are  some  particular  points  to  be  noted  in 
connection  with  regulation.     It  will  be  seen  that,  since  rail- 
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way  generators  are  usually  over  compounded,  if  a  battery 
were  simply  connected  in  parallel  with  them  on  the  circuit, 
it  would  be  charged  when  the  external  load  was  heavy, 
because  the  voltage  of  the  generators  would  then  be  the 
highest,  and  would  discharge  when  the  external  load  was 
light,  thus  aggravating  the  faults  which  it  should  remedy. 
To  overcome  this  action,  it  is  necessary  that  the  voltage  of 
the  battery  should  be  raised  as  the  load  increases,  so  that  at 
heavy  loads  it  will  feed  into  the  line.  This  can  be  accom- 
plished by  switching  in  or  out  extra  cells;  but  there  is  the 
disadvantage  that  these  cells  may  be  undercharged  or  re- 
versed. Another  method  consists  in  using  an  electro- 
mechanical regulator,  but  this  causes  short-circuiting  of 
the  cells  as  the  contact  switch  passes  along,  since  it  must 
cover  two  contacts  at  once  on  passing  from  one  to  the  other, 
if  the  circuit  is  not  to  be  broken;  with  the  heavy  currents 
used,  the  contacts  would  soon  burn  out  if  the  circuit  were 
frequently  opened, 

3426.     A  very  convenient  way  to  regulate  the  action  of 
the  battery  is  by  the  method  shown  in  Fig.    1399.      The 


Fig.  1239. 


compound-wound  dynamos  are  represented  by  d,  d^,  their 
series  windings  by  c,  r„  and  shunt  by  s,  s^.  An  extra  dy- 
namo, or  "booster,"  d^  is  put  in  series  with  the  battery  B, 
having  shunt  and  series  coils  as  shown,  wound  in  opposition 
to  each  other.  When  the  external  load  is  light,  the  voltage 
of  the  dynamos  d,  d^  is  low,  and  very  little  current  passes 
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through  the  series  coil;  hence,  the  shunt  winding  s^  of  the 
booster  acts  to  produce  such  polarity  of  its  field-magnets  as 
to  develop  an  E.  M.  F.  opposing  that  of  the  battery,  which, 
therefore,  helps  the  dynamos  d,  d^  to  charge  it.  When  the 
external  load  is  heavy,  the  series  coil  c.^  will  take  its  share  of 
the  main  current  and  overpower  the  shunt  field  s^^  reversing 
the  polarity  of  the  booster  and  allowing  the  battery  current 
to  feed  into  the  line,  thereby  taking  some  of  the  load  off  the 
main  dynamos  d^  d^.  With  a  moderate  load,  the  shunt  and 
series  windings  of  the  booster  balance  each  other,  and  the 
machine  is  idle,  but  at  this  time  the  engines  are  working  at 
an  economical  point. 

There  is  still  another  matter  to  consider.  The  charging 
and  discharging  must  be  so  adjusted  that  they  preserve  a 
balance,  that  is,  the  charging  in  24  hours  must  equal  the  dis- 
charge plus  the  battery  loss.  This  may  be  accomplished  by 
regulating  the  booster  shunt  by  hand,  the  effect  of  which  is 
to  change  the  point  of  reversal  of  the  booster  with  respect 
to  the  load.  If  the  battery  tends  to  discharge,  the  shunt 
field  must  be  strengthened,  and  vice  versa.  When  one 
dynamo  alone  is  running  and  the  battery  is  required  to 
furnish  extra  power,  the  shunt  is  weakened. 

When  the  booster  is  connected  on  at  first,  it  will  be  nec- 
essary to  increase  the  series  field  of  the  generators  d^  d^  by 
cutting  out  some  of  the  resistance  forming  the  shunt  across 
the  series  winding,  in  order  to  compensate  for  the  extra 
coil  c^ ,  but  this  is  only  substituting  another  path  for  the 
current  instead  of  allowing  the  energy  to  be  wasted  in  heat- 
ing the  resistance. 

3427.  In  Fig.  1300  the  heavy  line  is  a  graphic  repre- 
sentation of  the  variation  of  load  during  a  certain  day  in  a 
central  station.  It  will  be  seen  that  the  lowest  point,  about 
85  amperes,  is  reached  between  3  and  4  o'clock  in  the  morn- 
ing; that  the  load  rises  abruptly  at  6  o'clock,  and  continues 
to  increase  until  9,  falling  again  towards  noon,  and  attaining 
its  maximum  value  at  6  in  the  evening,  whence  it  falls  rap- 
idly and  continuously.     It  is  evident  that,  to  operate  such  a 
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road,  a  plant  would  have  to  be  provided  capable  of  furnish- 
ing 2,700  amperes  to  the  line,  and  probably  more  on  some 
occasions;  but  this  amount  is  required  only  during  a  short 
period,  and  some  of  the  plant  must  remain  idle  or  work  in- 
efficiently for  a  greater  part  of  the  24  hours.  The  average 
current  is  about  1,27G  amperes,  and  a  line  drawn  through 
this  point  indicates  the  current  output  if  the  load  were 
steady  all  day  and  the  same  in  total  amount.  It  would 
obviously,  then,  be  an  advantage  if  the  high  parts  of  the  load 
could  be  brought   down  to  equalize   the  effect  of  the  low 
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FIG.  laoo. 
parts,  and  the  storage-battery  accomplishes  this.  If  it  were 
installed  in  such  a  station,  the  dynamos  would  be  called  upon 
to  deliver  only  about  half  the  current,  1,300  instead  of 
2,700  amperes,  and  would  therefore  be  one-half  the  size; 
engines  and  boilers  would  also  be  correspondingly  smaller. 
In  the  diagram,  the  shaded  portion  marked  c  represents  the 
charge  given  to  the  accumulators,  and  that  marked  d  repre- 
sents the  discharge. 

M.  E.    IV.— IS 
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POWER  ESTIMATES. 

3428.  In  considering  the  amount  of  power  required 
for  propelling  a  car,  we  shall  assume  that  the  force  required 
to  drag  a  car  over  a  level  track  in  average  condition  is  SO 
pounds  for  every  ton  that  the  car  weighs.  This,  though  a 
rather  high  figure,  is  a  safe  one  to  use  in  calculations  for 
horsepower,  and  the  rule  may  be  expressed  as  a  formula 
thus, 

/=30  PF,  (522.) 

where  f  is  the  force  in  pounds  and  W  the  weight  of  the  car 
in  tons. 

In  cases  where  the  track  resistance  is  known,  we  may  use 
the  formula 

f^rW,  (523.) 

where  r  is  the  track  resistance  in  pounds  per  ton  weight  of 
car. 

Example. — What  force  will  be  required  to  move  a  car  forwards,  its 
weight  being  9  tons  ? 

Solution. — The  weight  of  car  JV  =  Q  tons,  and  the  force  required 
will  be,  by  formula  522, 

/=  30X9  =  270  lb.     Ans. 

3429.  When  a  grade  has  to  be  taken  into  account,  the 
perpendicular  distance  in  feet  ascended  in  one  minute 
multiplied  by  the  weight  of  car,  will  give  the  power  in  foot- 
pounds expended  in  raising  the  car;  the  horizontal  distance 
in  feet  traveled  in  one  minute  multiplied  by  the  force  in 
pounds  necessary  to  move  the  car,  will  give  the  power  in 
foot-pounds  required  for  a  level  track.  The  sum  of  these 
values  divided  by  33,000  will  be  the  total  horsepower  at  the 
wheels.  Loss  of  power  in  the  transmitting  mechanism  will 
necessitate  a  larger  figure  for  the  power  supplied  to  the 
motors,  this  depending  upon  the  efficiency  of  the  apparatus. 
We  may  express  these  several  operations  in  a  single  for- 
mula, as  follows : 

^  ~    33,000  %  '  l»^^-; 
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where  H  is  the  total  horsepower  required  for  the  motors,  // 
is  the  perpendicular  distance  in  feet  ascended  in  1  minute, 
w  is  the  weight  of  the  car  in  pounds,  D  is  the  horizontal 
distance  in  feet  traveled  in  1  minute, /"is  the  force  in 
pounds  necessary  to  move  the  car,  and  E  is  the  motor  effi- 
ciency expressed  as  a  decimal  part  of  1. 

Example. — If  a  car  with  passengers  weighs  8  tons,  and  it  is  desired 
to  take  it  up  a  6  p>er  cent,  grade  at  a  speed  of  10  miles  per  hour,  what 
horsepower  must  be  delivered  to  the  motors,  their  efficiency  being  75 
f)er  cent.? 

Solution.— The  car  will  cover  in  1  minute  — ^-^ =  880  feet  = 

oU 

Dy  and  on  a  6  per  cent,  grade  this  will  correspond  to  a  vertical  distance 

of  880  X  .06  =  52.8  feet  =  h.     The  weight  of  car  expressed  in  p>ounds 

=  8  X  2,000  =  16,000  pounds  =  w.    The  force  required  for  propulsion  is, 

by  formula  522, 

/  =  30  X  8  =  240  pounds, 

and  the  efficiency  being  75  per  cent.,  E  =  .75. 
Then,  by  formula  524,  we  have 

^_  >^^  +  Z'/_  844.800  + 211,200  _ 

33,000  E    ~  24,750  -  ^-o^- 

The  power  delivered  to  the  motors  must  be  42.67  H.  P.     Ans. 

3430.  The  power  required  in  going  around  curves 
depends  upon  their  radius  and  upon  the  construction  of  the 
truck.  The  power  required  for  starting  may  be  taken  as 
the  same  as  that  for  rounding  curves. 

3431.  It  has  been  found  that  a  force  of  about  70 
pounds  per  ton  weight  of  car  is  required  to  start  a  car,  or 
to  keep  it  in  motion  when  rounding  curves.  When  starting 
on  a  grade,  the  effort  must  be  greater  in  proportion  to  the 
percentage  of  rise,  and  for  this  condition  add  20  pounds  to 
the  70  for  every  ton  weight  and  for  each  1  per  cent,  of 
grade. 

Expressed  as  a  formula,  the  force  required  will  be 

/'  =  (70-f204r)  W,  (525.) 

where  x  is  the  per  cent,  grade  and  W  the  weight  of  the  car 

in  tons. 
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On  a  2  per  cent,  grade  the  force  required  in  starting  will 
therefore  be/'  =  [70  +  (20  x  2)]  X  1  =  110  pounds  per  ton. 

Example. — What  force  will  be  required  to  start  an  8-ton  car  on  a 
5  per  cent,  grade  ? 

Solution. — According  to  formula  525,  the  force  will  be 
/'  =  (70  +  20.r)  IV=  [70  +  (20  x  5)]  X  8  =  1,360  lb.     Ans. 

3432.  The  above  formula  for  determining  the  power 
required  in  starting  is  based  upon  an  acceleration  from  rest 
to  a  speed  of  nearly  9  miles  an  hour  within  20  seconds.  In 
case,  therefore,  of  a  different  acceleration  being  employed, 
another  method  may  be  used,  as  follows: 

Let  IV=  weight  of  the  car  in  tons; 
p  —  per  cent,  of  grade; 
s  =  speed  of  car  in  miles  per  hour; 
/  =  time  in  seconds  during  which  acceleration  takes 
place. 

Then  the  power  required  will  be  that  necessary  to  over- 
come the  track  friction  as  well  as  to  produce  the  given  accel- 
eration. By  formula  522,  the  force  required  to  move  the 
car  against  track  resistance,  /=  30  W.  The  force  of  accel- 
eration will  be 

2,000  W      5,280.y_91.1  Ws  /co^  % 

32.2     ^^;6007-         }       •  ^^^^•) 

These  two  formulas  may  be  combined  into  one.  The  force 
required  to  bring  a  car  to  a  certain  speed,  in  a  given  time, 
on  a  level  track, 

^  =  /+21:lEf.  (527.) 

Example. — A  car  weighing  10  tons  is  to  be  brought  from  rest  to  a 
speed  of  8  miles  an  hour  within  25  seconds.  What  force  must  be 
applied  ? 

Solution. — By  formula  527,  the  force  required 

F-  30  X  10  +  ^^'-^^^^^^  =  591. 5  pounds.     Ans. 
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3433.  When  a  grade  is  to  be  taken  into  account,  the 
force  required  to  overcome  it  will  be 

2,000  W^x  ^  =  20  lV/>.  (528.) 

The  force  required  to  bring  a  car  from  rest  to  a  certain 
speed  within  a  given  time,  on  a  grade,  will  be 

01  1  JVs 
F'=/+  :lhlJlI  +  20  IVp.  (529.) 

Example. — A  car  weighing  8  tons  is  to  be  started  on  a  6  per  cent. 
grade  and  a  sufficient  force  applied  to  bring  the  car  to  a  speed  of  10 
miles  per  hour  within  30  seconds;  let  the  track  resistance  be  20  pounds 
per  ton  weight  of  car.     What  will  this  force  be  ? 

Solution. — By  formula  529,  the  force  required 

Q1  1  V  ft  V  10 
r=20xS+  3()  +  20  X  8  X  6  =  1,363  pounds.     Ans. 

3434.  In  order  to  determine  the  power  required  in 
starting,  we  may  proceed  as  follows:     The  speed  of  the  car 

in  feet  per  second  =  ^'f »  ><  \     If  the  speed  increases  uni- 
0,600 

formly  from  0  to  j  miles  per  hour  in  /  seconds,  the  distance 

,      5,280  X  J      ^      ,       lis.  J     ., 

covered  =  -^-^t-ttttt —  x  /  X  +  =  -rr-  feet  per  second.    1  horse- 
o,dOO  "15 

power  =  33,000  foot-pounds  per  minute,  or  550  foot-pounds 

per  second.     The  average  power  will  then  be,  starting  on  a 

grade, 

IT,      11 -f 
r    X 

-^^^.OOlSdF's.  (530.) 

Example. — What  would  be  the  average  power  required,  in  the  pre- 
ceding example,  to  bring  the  car  to  the  speed  mentioned  ? 

Solution. — The  force  f  necessary  to  propel  the  car  was  found  to 
be  1,363  pounds.  The  average  horsepower  would  then  be,  bj 
formula  530, 

.00133  X  1,363  X  10  =  18.13  H.  P.     Ans. 

It  is  to  be  remembered  that,  although  the  above  figure 
represents  the  average  horsepower  required  to  propel  the 
car  under  the  conditions  as  stated,  the  question  of  motor 


2294  ELECTRIC  RAILWAYS. 

efficiency  enters  very  largely  into  consideration,  and  can  not 
be  taken  as  more  than  50  per  cent.  An  excess  of  current 
flows  at  the  instant  of  turning  on  the  controller,  regulated 
only  by  the  resistance  of  the  armature,  fields,  and  rheostat. 
After  the  armature  has  attained  some  speed  of  rotation,  the 
counter  E.  M.  F.  will  be  effective;  but  at  the  start  an  excess 
of  energy  is  used  up  in  heating,  which  energy  must  be  sup- 
plied from  the  line,  although  doing  no  useful  work. 


SLIPPING   ON    RAILS. 

3435.     The  limit  of  adhesion  may  be -^  of  the  weight; 
therefore,  on  a  level  track   the  maximum  force  which  could 

be  applied  without    slipping  would  be  -^— —  =  250  pounds 

o 

per  ton.  If  the  rails  were  muddy  or  greasy,  much  less  than 
this  force  could  be  used,  while  very  clean,  dry  rails  might 
increase  this  amount.  In  ordinary  street-railway  service  the 
rails  are  usually  rather  slippery,  and  often,  in  consequence, 
the  adhesive  force  may  be  low.  We  may  calculate  the  grade 
on  which  slipping  will  occur,  when  starting  the  car,  and  also 
when  it  is  already  in  motion,  in  the  following  manner: 
Let  a    =  ratio  of  adhesive  force  to  weight  on  drivers; 

w'  =  weight  on  drivers  in  pounds; 

W  =  weight  of  car  in  tons  of  2,000  pounds; 

Gg  =  per  cent,  grade  at  which  slipping  occurs. 
Then,  slipping  will  occur,  at  starting,  on  a  grade 

_aw'-70  W 

"  ~        20  W^       ' 

But  iv'  =  2,000  W,  when  the  whole  weight  of  car  is  on  the 

drivers,  in  which  case  the  limiting  grade  for  starting 

.-       2,000«^t-70  PT      2,000«-70  ,  /^ro-.  v 

^'  =  ^ 20  PF  ^^^  per  cent.  (531.) 

When  —  of  the  weight  is  on  the  drivers, 
2,000^ 
G,  = — per  cent.  (532.) 
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Example. — If  a  car  weighs  7  tons,  and  all  its  weight  is  on  the 
drivers,  adhesion  being  one-eighth  of  this  weight,  will  it  start  on  a 
7  per  cent,  grade  ? 

Solution. — The  per  cent,  grade  at  which  slipping  occurs  at  stai'ting 

is,  by  formula  532, 

^       (2,000  X  i)  -  70      180      _ 

^'•=  ^ =  -2^  =  9  per  cent. 

The  car  will  therefore  start  on  a  7  per  cent,  grade,  as  9  per  cent,  is 
the  limit.     Ans. 

3436.  When  the  car  is  running,  only  30  pounds  per  ton 
is  necessary  for  propulsion,  and  the  limit  of  grade  which  may 
be  ascended  is,  letting  G^  =  maximum  grade  which  a  run- 
ning car  will  ascend, 

M20f_30 
G^  = '-— per  cent.  (533.) 

Example. — The  limit  of  adhesion  being  one-sixth  the  weight  on  the 
drivers,  how  steep  a  grade  could  be  surmounted  by  a  car  with  one- 
quarter  of  its  weight  on  the  drivers,  starting  from  the  level  ? 

Solution. — According  to  formula  533, 

?:^_30      (?f5xj)-30 
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MAXIMUM  LOAD. 

3437.  Before  making  the  selection  of  the  engines  for  a 
station,  it  is  first  necessary  to  decide,  from  the  nature  of  the 
road  and  other  circumstances,  what  the  maximum  load  is 
likely  to  be,  and  to  find  the  ratio  between  this  and  the  aver- 
age load  throughout  the  day  (of  24  hours).  We  have  seen 
that  in  the  case  of  a  road  having  a  single  car,  the  maximum 
station  load  is  reached  every  time  that  the  car  starts  on  a 
grade.  If  there  were  two  cars,  the  chance  of  the  maximum 
station  load  being  double  this  amount  would  not  be  so  great, 
because  they  would  seldom  both  start  at  once  on  a  heavy 
grade,  and  when  the  number  is  increased  still  further,  the 
maximum  load  per  car  likely  to  come  on  the  station  is  re- 
duced in  proportion.     There  are  several  factors  to  be  taken 
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into  consideration  before  the  maximum  load  can  be  deter- 
mined, such  as  the  condition  of  the  track,  the  percentage  of 
grades,  the  methods  of  car  dispatching,  the  radius  of  the 
curves,  the  probable  number  of  cars  ascending  and  of  those 
descending  grades  simultaneously,  the  weight  of  cars,  the 
number  of  passengers,  the  frequency  of  stops,  and  the  effi- 
ciency of  the  motors.  With  all  these  points  known,  some 
variation  may  still  occur.  By  the  following  plan,  a  deter- 
mination may  be  made,  which  will  be  fovind  practically  cor- 
rect, representing  the  maximum  load.  The  working  schedule, 
average  speed,  and  maximum  number  of  cars  in  use  being 
known,  a  map  of  the  road  is  provided,  upon  which  the  cars 
may  be  marked  and  so  distributed  that,  at  regular  distances 
apart,  they  may  represent  the  condition  of  maximum  load. 
We  will  suppose,  as  an  example,  the  following  case: 

Example. — A  road  employs  5  cars,  each  weighing,  with  the  average 
number  of  passengers,  10  tons.  The  track  is  4  miles  long,  and  the  cars 
are  to  remain  at  equal  distances  apart,  making  one  round  trip  each 
half  hour.  The  condition  of  probable  maximum  load  is  found  to  be 
when  one  is  starting,  two  are  on  5  per  cent,  grades,  one  rounding  a 
curve  and  one  on  the  level ;  motor  efficiency  to  be  taken  as  75  per  cent. 
Determine  the  maximum  load. 

Solution. — The  average  speed  of  the  cars  will  be  4  miles  in  half  an 

4X5  280 

hour,  then  the  distance  traveled  in  1  minute  = ^-p —  =  704  feet. 

oO 

The  force  required  to  propel  the  car  on  the  level  is  30  pounds  per  ton, 

^,        10X30X704       ...  .„   ,  17^- 

then =  6.4  horsepower  will  be  necessary.     For  roundmg 

oo,UUU 

a  curve  we  require  a  force  of  70  pounds  per  ton,  and  the  power  required 

may  be  determined  by  the  proportion  30  :  70  =  6.4  :  x;  whence  x  = 

14.9  H.  P.     The  power  required  for  starting  is  the  same,  or  14.9  H.  P. 

(See  Art.   3430.)     The  power  to  run  up  the  grades  will  be  that 

required  for  the  level,  added  to  that  necessary  for  raising  the  weight 

the  specified  amount.     For  the  level,  we  have  6.4  X  3  =  12.8  horsepower 

.     ,  J.              704  X  .05  X  20,000      „ 
for  the  two  cars,  and  for  the  vertical  distance, X  ^  = 

OOy\)\J\) 

42.6  H.  P.,  or  a'total  for  these  carsof  12.8  +  42.6  =  55.4  horsepower.  The 
total  mechanical  horsepower,  or  power  at  the  wheels,  will  be  6.4  +  14.9 
-1-14.9  +  55.4  =  91.6  horsepower.  The  efficiency  of  the  motors  being 
75  per  cent.,  the  maximum  power  supplied  will  be  91.6 -t-. 75  =  122 
horsepower.     Ans. 
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The  steam-engines  and  electrical  generators  can  easily 
take  a  temporary  overload  of  20  per  cent. ,  and  it  would  not 
be  economical  to  employ  machines  rated  at  the  full  capacity 
as  given  above  for  the  maximum  load.  Allowing,  then,  20 
per  cent.,  we  have  122  -r-  1.20  =  101  horsepower  for  the  rated 
capacity. 

POWER    EQUIPMEXT. 

3438.  In  stations  with  heavy  normal  load,  it  is  advi- 
sable to  install  compound  or  triple-expansion  Corliss  engines, 
directly  connected  to  large  low-speed  generators.  For  the 
5-car  road  we  have  been  considering,  a  simple  high-speed 
engine  would  prove  most  satisfactory,  and,  as  we  have 
shown,  it  should  be  able  to  develop  about  100  horsepower 
at  ^  or  I  cut-off.  The  dynamos  may  be  2,  of  50  kilowatts 
each,  one  of  which  would  furnish  service  for  a  time  if  the 
other  should  be  disabled.  Two  boilers  should  be  provided, 
each  capable  of  supplying  all  the  steam  needed  while  the 
other  is  being  cleaned. 

For  more  extensive  roads  where  a  greater  number  of  cars 
is  in  use,  it  is  not  necessary  to  go  through  the  calculations 
respecting  positions  of  various  cars  to  determine  the 
maximum  load,  for  the  mean  load  will  approach  this  value 
more  closely.  For  a  2o-car  road,  the  average  station 
power  to  be  allowed  per  car  will  be  about  18  indicated  horse- 
power, and  the  engines,  if  of  the  Corliss  type,  may  be  2, 
each  of  225  horsepower,  and  if  the  high-speed  engine  is 
used,  with  a  greater  range  of  cut-off,  they  may  be  each  200 
horsepower.  Three  dynamos  may  be  installed,  each  of  100 
kilowatts,  belted  to  a  common  countershaft  to  be  driven  by 
one  or  both  engines. 

For  power  stations  to  run  50  cars,  the  allowance  is 
generally  about  16  indicated  horsepower  per  car,  and  two 
engines  should  be  provided,  each  of  about  400  horsepower, 
and  four  150  K.  W.  dynamos.  When  a  road  has  100  cars, 
three  engines  should  be  used,  in  order  to  allow  for  the  repair 
of  one  without  interrupting  the  service;  by  reckoning  15 
horsepower  per  car,  we  have  a  total  of  1,500  horsepower. 


2298  ELECTRIC  RAILWAYS. 

Two  compound  or  triple-expansion  engines  of  600  horse- 
power and  one  compound  engine  of  300  horsepower  can 
here  be  used,  each  large  engine  belted  to  two  250  kilowatt 
dynamos  and  the  small  engine  to  one  250  kilowatt  dynamo. 
In  still  larger  installations,  direct-connected  units  are  very 
desirable,  but  the  power  available  per  car  should  not,  in  the 
•largest  plant,  be  below  15  H,  P. 

The  above  estimates  do  not  consider  railroad  systems  run- 
ning very  heavy  cars,  but  are  based  upon  the  use  of  cars  of 
an  average  size.  When  a  road  has  many  steep  grades,  or  a 
great  number  of  stops  are  necessary,  due  allowance  should 
be  made.  Also,  snow-sweepers,  when  used,  must  be  taken 
into  account,  as  they  often  require  as  much  power  as  four 
or  five  cars.  In  all  cases,  additional  machinery  must  be 
provided  in  order  to  guard  against  stoppage  of  service 
owing  to  breakdowns. 

3439.  When  several  circuits  are  run  from  one  machine, 
or  from  two  or  more  connected  in  parallel,  it  frequently 
happens  that  one  circuit  will  be  temporarily  loaded  more 
than  the  others,  causing  a  local  fall  of  potential.  The 
E.  M.  F.  of  the  generator  can  not  be  raised,  so  the  expedient 
is  now  generally  adopted  of  increasing  the  potential  of  that 
branch  by  adding  in  the  circuit  another  generator  of  con- 
siderable current  capacity  and  low  E.  M.  F.  This  machine 
is  a  compensator,  more  commonly  called  a  booster,  and  has 
already  been  mentioned  in  connection  with  battery  regula- 
tion. It  should  be  so  arranged  as  to  be  easily  transferred 
from  any  circuit  to  another  requiring  its  aid,  plug  and 
socket  connections  being  provided  for  this  purpose  on  the 
switchboard.  The  armature,  being  in  the  main  circuit,  is 
of  low  resistance  ;  the  field-magnets  may  be  either  series- 
wound  or  connected  as  a  shunt  across  the  station  feeders. 
In  the  first  case,  the  machine  requires  to  be  rather  larger 
and  therefore  more  expensive,  although  it  will  be  entirely 
self-regulating;  in  the  second  case,  the  field  is  controlled  in 
the  usual  manner  by  a  rheostat  placed  in  its  circuit. 
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INSPECTION. 

3440.  It  is  very  necessary  that  proper  inspection  should 
be  made  of  all  parts  of  the  equipment  which  are  subject  to 
wear.  This  includes  not  only  the  motors,  but  the  gears, 
wheels,  car  bodies,  track,  and  overhead  wiring.  The  general 
operation  must  also  be  closely  watched,  to  eliminate  all 
possible  source  of  unprofitable  expense  and  to  provide  a 
reliable  and  efficient  service.  The  motors  should  be  period- 
ically tested  for  insulation,  that  faults  may  be  corrected 
before  they  assume  dangerous  proportions;  the  gears  should 
be  examined  to  see  that  they  are  wearing  well  and  are  free 
from  grit.  Particular  attention  should  be  devoted  to  the 
prevention  of  flats  on  wheels,  which  are  caused  by  the 
motorman  applying  the  brakes  so  forcibly  as  to  hold  the 
wheels  and  make  them  skid.  Immediately  a  flat  is  dis- 
covered, the  car  must  be  brought  to  the  shed  and  the 
wheels  ground  true,  for  the  hammer  blow  on  the  track  at 
every  revolution  of  a  flatted  wheel  is  very  severe. 

The  track  needs  constant  attention  to  keep  it  in  good 
condition.  One  of  the  most  serious  difficulties  is  the  pre- 
vention of  low  joints  ;  with  the  long  fish-plates  now  coming 


Fig.  1301. 


into  use,  the  joint  can  be  held  up  better  than  formerly. 
The  bonds  must  be  tested  to  see  that  they  make  good  con- 
tact with  the  rails  on  each  side.  One  method  is  to  provide 
a  flat,  wooden  straight-edge,  Fig.  1301,  about  6  feet  long, 
with  a  millivoltmeter  V  mounted  on  a  cross-board  at  the 
middle.  At  each  end  is  a  spring  contact  point  on  the  lower 
edge,  and  a  third  about  12  inches  from  one  end.  These 
are  connected  to  resistance-coils  R,  R^,  of  about  10  ohms 
each,  and  to  the  voltmeter  terminals,  as  shown,  small 
switches  S,  S'  being  placed  in  each  circuit  a  F^  and  d  Vc,  so 
that  separate  readings  may  be  taken.     The  voltmeter  should 


■ 
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have  the  zero-point  at  the  center  of  the  scale,  so  that  the 
readings  will  be  on  opposite  sides  for  currents  through  the 
two  circuits.  This  device  may  be  placed  upon  the  rails 
when  they  are  carrying  current,  the  joint  being  between 
the  contacts  a  and  b  on  the  left,  and  the  voltmeter  will  then 
indicate  the  ratio  of  the  current  in  the  rail  to  that  passing 
through  the  joint.  A  certain  deflection  may  be  taken  as 
the  limit  beyond  which  rebonding  is  required.  Imperfect 
joints  are  to  be  marked  with  chalk,  in  order  to  distinguish 
them,  and  they  should  be  put  in  good  condition  without 
delay. 
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ELECTRIC  ILLUMINATING  APPARATUS. 


METHODS    OF    LIGHTING. 


3441.     There  are  two  principal  systems  of  lighting  by 
electricity  in  commercial  use: 

a.  Arc  lighting. 

b.  Incandescent  lighting. 

Depending  upon  the  nature  of  the  current  used,  each  of 
these  systems  is  subdivided  into  two  methods,  namely  : 

a.  Continuous-current  lighting. 

b.  Alternating-current  lighting. 

There   are   therefore   four   distinct   systems   to   be   con- 
sidered, namely  : 

1.  Arc  lighting  by  continuous  current. 

2.  Arc  lighting  by  alternating  current. 

3.  Incandescent  lighting  by  continuous  current. 

4.  Incandescent  lighting  by  alternating  current. 


GENERATORS. 

3442.  The  dynamos  used  for  generating  the  current 
which  is  converted  into  light  at  the  lamps  are  usually  spe- 
cially designed  for  the  particular  system  of  lighting  they  are 
intended  to  supply,  and  may  be  classed  as  follows  : 

a.  Continuous-current,  constant-potential  generators. 

b.  Continuous-current,  constant-current  generators. 

c.  Alternating-current,  constant-potential  generators. 

d.  Alternating-current,  constant-current  generators. 
Various  combination  systems  are  often  found  in  commer- 

|cial  use,  such  as  a  system  of  arc  and  incandescent  lamps 
jupplied  with  current  by  the  same  generators,  both  in  con- 
^tinuous  as  well  as  in  alternating  current  work.     These  are 
^treated  of  fully  in  the  following  pages. 

YoT  potice  of  copyright,  see  page  itumedtately  following  the  '. 
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THE    ELECTRIC    ARC    LIGHT. 
3443.     Arc  lighting  is  the  oldest  form  of  electric  illu- 
mination, its  principle  having  first  been  made  public  in  the 
year  1813  by  Sir  Humphry  Davy,  of  England. 

Davy  found  that  when  two  carbon  pencils  formed  part 
of  a  closed  circuit  through  which  a  current  of  electricity 
of  the  necessary  strength  was  flowing,  a 
series  of  intensely  brilliant  sparks  passed 
from  one  pencil  to  the  next  when  they  were 
separated.  This  series  of  sparks  formed  a 
flame  having  peculiar  properties,  chief 
among  which  were  : 

a.  An  extraordinarily  high  temperature. 

b.  An  exceeding  brilliancy  of  light. 

The  currents  used  in  these  early  experi- 
ments on  the  arc  light  were  derived  from 
large  batteries  of  cells.  In  modern  com- 
mercial lighting,  specially  constructed  pow- 
erful dynamo-electric  generators  are  em- 
ployed. 

Fig.  1302.  Fig.  1302  shows  the  general  appearance  of 

the  electric  arc  as  formed  between  two  carbon  points  A  and 
B,  across  which  a  current  is  flowing.  The  two  carbons  are 
termed  the  electrodes,  and  according  to  the  direction  of  the 
current  flowing  through  them,  the  one  is  called  the  positive 
(+)  electrode  and  the  other  the  negative  (  — )  electrode. 


PRIIVCIPLE  OF   THE  ELECTRIC   ARC. 

3444.  To  clearly  understand  what  is  actually  taking 
place  at  the  tips  of  these  electrodes  during  the  formation  of 
the  electric  arc,  let  Fig.  1303  rep- 
resent a  circuit  through  which  a 
current  is  flowing  from  a  battery 
of  cells  B. 

In  this  battery  circuit  two  car- 
bon rods  or  pencils  have  been 
placed,  as  shown  in  the  figure. 

When  the  carbons  form  a  closed*  pio.  1303, 


^  E 
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circuit,  or,  as  it  is  technically  termed,  when  they  are 
in  contact,  the  current  from  the  battery  flows  through 
them  without  any  visible  effect.  But  if,  while  this  current 
is  flowing,  the  two  electrodes  E,  E^  are  slowly  separated 
from  each  other  at  A^  a  series  of  brilliant,  sputtering 
sparks  is  seen  to  pass  across  the  space  between  the 
ends  of  the  carbons.  These  sparks,  which  occur  at  the 
kindling  of  the  arc,  at  once  give  way  to  a  flame  of  intense 
brilliancy,  which  continues  to  play  between  the  two  elec- 
trodes as  long  as  the  current  from  the  battery  retains  the 
necessary  strength  and  the  carbons  remain  at  a  certain 
distance  from  each  other. 

When  this  flame  has  continued  for  a  time,  an  inspection 
of  the  electrodes  will  show  that  the  tips  have  seemingly 
been  eaten  away  or  consumed,  and  it  will  be  found  that  the 
tip  of  the  positive  electrode  differs  from  that  of  the  negative 
electrode.  This  is  shown  very  clearly  in  Fig.  1302,  which 
gives  the  appearance  of  the  electrodes  after  the  arc  has 
been  burning  for  some  time.  In  the  figure,  the  upper  carbon 
A  is  the  positive  electrode. 

3445.  The  actual  cause  of  the  arc  and  how  it  is  main- 
tained are  explained  as  follows:  The  current  passing 
between  the  two  carbons  which  are  in  contact  is  suddenly 
given  an  air-gap  which  it  must  jump  or  "bridge,"  or  the 
arc  is  "sprung  "or  "kindled."  This  air-gap  is  a  path  of 
high  resistance.  As  already  explained,  a  conductor  of  high 
resistance  is  easily  heated  to  such  a  degree  that  it  glows 
with  light — that  is,  it  becomes  incandescent.  This  occurs 
in  the  gap  between  the  two  carbons.  The  result  is  that  the 
positive  carbon  is  heated  intensely  over  a  patch  of  its  surface 
from  which  a  column  of  carbon  vapor  arises.  This  vapor  is 
projected  across  to  the  negative  carbon  and  forms  the  con- 
ductor for  the  current,  which  continues  across  it.  The 
vapor  itself  becomes  incandescent  and  forms  what  has  been 
termed  the  arc. 

Careful  study  of  the  phenomenon  of  the  arc  has  shown 
that  the  positive  carbon  is  usually  the  seat  of  a  perfectly 
defined  ebullition — that  is,  state  of  boiling  of  the  carbon. 
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This  ebullition,  taking  place  on  the  face  of  the  positive 
carbon,  produces  the  luminous  patch  above  mentioned,  and 
causes  the  carbon  to  gradually  become  slightly  hollowed  out, 
thus  forming  what  is  termed  the  crater. 

The  light  of  the  arc  is  emitted  chiefly  from  this  crater, 
very  little  being  emitted  from  the  flame  itself  and  not  much 
from  the  negative  tip. 

The  crater,  which  is  white  hot  all  over  its  surface,  may  be 
regarded  as  a  depression  in  the  positive  carbon,  in  which 
carbon  is  boiling  and  from  which  vapors  are  arising  and 
traveling  across  the  air-gap  to  the  negative  carbon,  thus 
forming  a  conducting  path  for  the  current. 

The  fact  of  the  ebullition  or  boiling  of  the  carbon  being 
established,  the  following  highly  important  deductions  can 
be  made: 

a.  The  arc  can  not  be  formed  unless  the  temperature 
required  to  boil  carbon  is  reached. 

b.  All  arcs  made  with  a  pure  carbon  emit  from  the  crater 
a  light  of  equal  whiteness,  irrespective  of  the  strength  of  the 
current,  or  the  voltage,  or  the  length  of  the  arc. 

c.  Increase  of  current  in  an  arc  only  increases  the  size  of 
the  crater;  unit  area  of  crater  surface  always  gives  out  a 
light  of  equal  whiteness. 

Based  on  this  latter  fact,  it  has  been  suggested  to  make 
the  unit  area  of  the  crater  of  the  arc  light  the  standard  unit 
of  light. 

3446.  Since  the  boiling-point  of  any  substance  is  a 
fixed  temperature,  it  is  clear  that  a  constant  temperature 
attends  the  arc,  and  therefore  the  deduction  {a)  above  re- 
ferred to  is  made.  The  boiling-point  of  the  various  sub- 
stances which  may  have  become  mixed  with  the  ordinary 
carbon  during  manufacture,  which  are  termed  impurities,  is 
much  lower  than  that  of  carbon,  but  they  will  not  alter  the 
brightness  of  the  positive  crater,  because  they  disappear  by 
volatilization  at  comparatively  low  temperatures.  //  is 
carbon  exclusively  that  boils  at  the  positive  pole. 

Jrj  Qonsidering  the  practical  utilization  of  the  arc  light,  it 
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will  be  shown  that  ev^ery  arc  lamp  requires  about  45  volts 
across  its  terminals.  Of  these  45  volts  about  39  volts  are 
required  to  maintain  the  arc  itself  between  the  tips  of  the 
electrodes.  Until  quite  recently  this  voltage  was  regarded 
as  a  counter  E.  M.  F.,  and  many  text-books  still  mention  it 
as  such.  This  hypothesis  is,  however,  now  disregarded,  and 
the  (about)  39  volts  of  drop  across  the  two  carbon  tips  may 
be  regarded  as  due  solely  to  the  work  being  done  by  the 
current  in  vaporizing  the  carbon. 


AMOUNT  OF  LIGHT. 

3447.  The  amount  of  light  given  off  by  the  arc  depends 
on: 

a.  The  intensity  of  the  current. 

b.  The  nature  of  the  electrodes — that  is,  whether  of  car- 
bon or  other  substance. 

c.  The  medium  which  surrounds  the  arc — that  is,  whether 
air  or  other  gas. 

The  color  of  the  arc  light  depends  upon  the  material 
of  which  the  electrodes  are  composed.  With  electrodes  of 
sodium,  it  is  yellow;  with  electrodes  of  zinc,  it  is  white; 
with  electrodes  of  silver,  it  is  green;  with  electrodes  of 
carbon,  it  is  of  a  bluish  white  color. 

In  commercial  work,  carbon  electrodes  are  almost  exclu- 
sively used,  for  they  are  both  cheap  and  of  greater  dura- 
)ility  than  others. 


n 
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3448.     The  temperature  of  the  arc  is  very  difficult 
to  determine  accurately.       One  of    the  most  recent  deter- 
minations makes  it  about  3,500  degrees  Centigrade.      An 
pproximate  idea  of  this  heat  may  be  gained  from  the  fact 
hat  only  500  degrees  Centigrade  are  required  to  make  solid 
odies  glow  with  light.     The  electric  arc  thus  gives  us  the 
highest  temperature  we  can  produce  by  known  means.  • 

In  the  arc  the  most  refractory  substances  are  fused  and 
vaporized;  platinum,  for  instance,  melts  away  like  wax  in 
'xn  ordinarv  flame. 


■ 
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ARC-I.IGHT  CARBOXS. 

3449.  The  carbons  used  in  commercial  work  are  usually 
in  the  form  of  rods,  and  are  generally  composed  of  coke,  tar, 
or  the  graphite  deposited  in  the  inside  of  the  retorts  during 
the  manufacture  of  illuminating  gas. 

Whichever  of  these  materials  is  used,  it  is  ground  very  fine, 
carefully  cleared  of  impurities,  and  mixed  with  molasses  or  a 
special  syrup  to  make  the  particles  adhere  firmly  together. 
The  mass  is  then  molded  to  the  proper  form,  baked,  and 
finished. 

The  carbons  may  have  the  following  composition: 

Pure  powdered  coke 15  parts. 

Calcined  lampblack 5  parts. 

Syrup 8  parts. 

Water 

Graphite  or  retort  carbons  last  longest,  but  are  likely  to 
flicker. 

During  recent  years  cored  carbons  have  been  intro- 
duced. These  are  made  with  an  inner  core  of  softer 
carbon,  having  a  higher  conductivity  than  the  surrounding 
material,  thereby  tending  to  hold  the  current,  and,  hence, 
the  arc,  in  the  center  of  the  rod. 

The  finished  carbons  are  often  given  a  thin  electroplated 
coating  of  copper  or  nickel,  which  increases  the  conductivity 
of  the  rod  and  frees  the  current  from  the  necessity  of  forcing 
its  way  through  the  high-resistance  carbon  only.  Such 
coated  carbons  last  longer  than  bare  ones. 


CONSUMPTION   OF  CARBONS. 

3450.  Due  to  the  fact  that  the  positive  carbon  "craters  " 
or  hollows  out,  and  thus  forms  a  natural  reflector  for  the 
light  of  the  arc,  it  is  usually  placed  above  the  negative  car- 
bon, so  that  the  light  may  thereby  be  thrown  beneath  the 
lamp.  In  general,  the  top,  or  -\-,  carbon  burns  at  the  rate 
of  about  1^  inches  per  hour. 

With  continuous  currents,  the  +  carbon  wastes  twice  as 
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fast  as  the  —  carbon,  and  the  crater,  above  described,  is 
formed  in  the  +  carbon. 

With  alternating  currents,  where  the  polarity  of  the  elec- 
trodes changes  continuously  a  great  many  times  per  second, 
the  formation  of  this  crater  occurs  to  a  certain  degree  in 
both  carbons,  for  the  ebullition  of  carbon  takes  place  alter- 
nately at  each  electrode. 

With  such  currents,  however,  the  upper  carbon  wastes 
away  about  8  per  cent,  faster  than  the  lower,  if  the  carbons 
are  vertical,  but  at  the  same  rate  if  they  are  horizontal. 

The  diameter  of  carbons  is  proportioned  to  the  currents 
they  carry.     As  a  rule,  for  a  lamp  requiring 

a  current  of  G  amperes,  the  diameter  of  the  carbon  =  -j\  in. 
a  current  of  12  amperes,  the  diameter  of  the  carbon  =  ^|  in. 
a  current  of  24:  amperes,  the  diameter  of  the  carbon  =  4-  in. 
a  current  of  4S  amperes,  the  diameter  of  the  carbon  =  ff  in. 
a  current  of  70  amperes,  the  diameter  of  the  carbon  =  ^  in. 

A  1,000  candle-pov/er  arc  lamp  requires  a  carbon  -^  inch 
in  diameter. 

The  arc  lamp  used  industrially  for  illuminating  purposes  is 
usually  rated  at  from  1,000  to  2,000  candle-power.  Arc 
lamps  of  much  greater  candle-power  are  used  in  lighthouses, 
on  vessels,  as  search-lights  at  sea,  and  for  all  other  purposes 
where  powerful  and  easily  controlled  sources  of  light  are 
required. 

THE  REGULATION  OF  THE  ARC. 

3451.  Since  the  points  of  the  electrodes  are  quickly 
consumed  while  the  arc  exists,  it  is  evident  that  the  gap 
between  them  gradually  widens,  and  finally  becomes  so  great 
that  the  current  will  no  longer  leap  over  it,  whereupon  the 
arc  is  extinguished.  To  relight  it,  the  points  must  be 
brought  in  contact  again  and  then  separated  to  the  proper 
distance.  Ordinarily,  this  would  have  to  be  done  by  hand 
every  few  minutes. 

Hence,  to  build  a  lamp  of  commercial  utility  on  this  prin- 
ciple, it   becomes   necessary    to   provide   some   mechanical 
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contrivance  whereby  the  carbons  are  automatically  moved 
forwards  as  their  points  are  consumed,  so  that  the  length  of 
the  gap  is  at  all  times  the  same,  and  the  radiance  of  the  lamp 
is,  therefore,  constant  and  continuous. 

The  demands  which  are  made  upon  such  a  regulating 
device  are  the  following: 

a.  The  contrivance  must  cause  the  regular  and  gradual 
approach  of  the  carbons  to  each  other  according  to  the  rate 
at  which  they  are  consumed. 

b.  It  must  automatically  produce  the  initial  electric  spark 
by  bringing  the  carbons  into  contact  as  soon  as  the  current 
is  thrown  on,  and  then  separating  them  to  the  proper 
distance. 

c.  It  must  automatically  hold  the  carbons  at  a  predeter- 
mined distance  from  each  other,  which  distance  has  been 
decided  upon  as  the  one  best  adapted  for  the  particular 
current  used  and  the  intensity  of  light  demanded. 

In  most  lamps,  the  first-named  duty  is  generally  performed 
by  gravity,  which  makes  it  necessary  that  the  carbons  be 
placed  one  vertically  above  the  other. 

The  duties  outlined  by  b  are  almost  always  performed  by 
electromagnets,  which  are  contained  in  a  suitable  case  and 
placed  above  or  below  the  arc. 

The  third  duty  is  performed  by  adjustment  screws  usually 
attached  to  the  carbon  holders,  which  permit  the  raising  or 
depressing  of  the  carbons  at  will,  even  during  the  passage 
of  the  current. 

THE  ARC  LAMP. 
3452.  An  outline  of  the  arc  lamp  is  shown  in  Fig.  1304. 
The  positive  carbons  are  a  and  a^\  b  and  b^  are  the  negative 
carbons;  c  and  c^  are  carbon  rods  for  holding  the  active  car- 
bons; H  contains  the  mechanism  for  keeping  the  carbon 
points  at  a  constant  distance;  /  and/,  are  binding-posts  for 
the  line-wire;  ;;/and  w,  are  chimneys,  which  give  added  space 
for  the  travel  of  c  and  c^\  and  k  is  the  ring  for  hanging  the 
lamp.  The  active  carbons  are  fastened  in  place  by  thumb- 
screws r,  ^,,  e^,  and  c^.  The  figure  shows  two  sets  of  car- 
bons.    Only  one  set,  however,  is  in  operation  at  one  time, 
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the  second  coming  into  operation  as  soon  as  the  first  is 
burned  out.  Lamps  which  burn  for  about  eight  hours  arc 
manufactured  with  one  set  of  carbons,  while  with  two  setF. 
they  will  burn  about  sixteen  hours. 

In  setting  the  carbons,  it  is  im- 
portant that  the  longer  carbon 
should  be  the  positive  one.  If  the 
carbons  are  reversed,  the  smaller 
one  being  above,  the  lamp  will  con- 
tinue to  operate  even  after  the  up- 
per carbon  is  completely  burned 
away,  and  the  holder  and  part  of 
the  rod  will  be  fused. 

Although  many  inventions  have 
been  made  upon  the  apparatus  for 
regulating  the  distance  of  the  car- 
bons, they  all  follow  two  general 
methods  of  design;  namely,  a  sys- 
tem using  a  rack  and  pinion,  in 
which  a  long  rack,  carrying  the  posi- 
tive carbon,  engages  with  a  pinion 
which  imparts  to  it  a  vertical  mo- 
tion ;  and  the  clutch  system,  in  which 
the  carbon  rod  is  held  in  a  peculiar 
way  by  a  device  which  is  usually 
operated  by  the  attraction  for  its  armature  exerted  by  an 
electromagnet  or  a  solenoid.  The  rack  and  pipion  may  be 
operated  by  clockwork  until  the  carbons  are  at  the  right  dis- 
tance, and  then  stopped  by  the  attraction  for  its  armature 
of  an  electromagnet  through  which  the  main  current  passes, 
or  they  may  be  brought  into  action  by  the  force  of  gravity 
and  the  heat  produced  by  the  main  current.  The  clutch 
may  be  acted  upon  and  released  by  the  force  of  gravity  and 
the  attraction  of  a  soft-iron  core  into  a  solenoid,  or  it  may 
be  operated  by  magnets,  one  on  each  side  of  an  armature. 


Fig.  1301. 


3453.  Clutch  Lamp. — A  simple  form  of  clutch  lamp  is 
that  of  Brush,  the  regulating  device  of  which  is  shown  by 
the  diagram,  Fig.  1305. 
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At  a  is  the  positive  carbon,  and  at  b  the  negative ;  c  is  the 
carbon  rod;  p  is  the  negative  and  p^  the  positive  binding- 
post;  s  is  the  metallic  supporting  rod  through  which  the 
main  current  passes.  Starting  from  /,,  the  main  current 
goes  to  2,  where  it  divides  and  flows  round  the  hollow  electro- 
magnets vt  and  ;//,,  meeting  again  at  i;  it  then  follows  the 
circuit  through  cabs  to  p.  There  is  also  a  second  winding, 
which  begins  at  1  and  passes  back  through  the  electromag- 
nets vi^  m^  in  a  direction  opposite  to  that  of  the  main  wire. 
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forming  a  high-resistance  shunt.  These  shunt  windings  join 
at  3  and  the  circuit  is  continued  through  the  electromagnet 
n  to  the  negative  terminal/. 

A  thick  wire  of  low  resistance  connects  between  the  ter- 
minal p^  and  the  resistance  r,  the  circuit  being  completed 
through  the  contact  X' and  the  electromagnet  11  to  the  termi- 
nal/. This. winding  is  in  the  same  direction  as  that  in  series 
with  the  shunt  just  mentioned.  Under  normal  working  con- 
ditions, the  circuit  is  kept  open  at  k  by  means  of  a  small 
spring  attached  to  the  armature  /,  which  counterbalances 
the  pull  of  the  electromagnet  due  to  the  ordinary  strength 
of  current  passing  through  from  the  shunt  coils  ;«,  m^. 
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When  the  lamp  is  burning,  the  carbons  a  and  b  are  at  a 
proper  distance  apart,  a  being  held  in  position  by  a  clutch/", 
which  engages  with  the  washer  /  around  the  rod  c.  This 
washer  being  lifted  only  at  one  edge,  grasps  the  rod  c  in  the 
same  manner  as  the  tightener  of  a  tent  rope  grasps  its  cord. 
The  clutch /"is  held  by  the  pivoted  lever  w,  which  has  two 
projections  fitting  into  the  hollows  of  in  and  ;//,,  and  the  main 
current  proceeding  around  these  magnets  holds  up  the  lover 
iv  by  their  attraction.  A  small  current  flows  in  an  opposite 
direction  through  the  fine  wire  around  the  magnets,  but  this 
is  not  sufficient  to  neutralize  the  effect  of  the  main  current. 
However,  as  the  carbons  are  consumed,  a  larger  separation 
occurs,  which  greatly  increases  the  resistance  in  the  main 
circuit.  Since  the  current  on  the  lighting  circuit  has  a  con- 
stant value,  a  stronger  current  must  flow  through  the  fine 
wire,  whereupon  the  effect  of  the  main  current  is  neutralized 
and  the  magnets  drop  the  lever  w.  This  action  releases  the 
rod  r,  and  the  carbons  are  brought  together  by  gravity  until 
the  proper  distance  is  reached.  Then  the  lever  w  is  again 
raised  and  the  clutch  holds  the  rod  c. 

When  a  wide  separation  occurs  between  the  carbons,  due 
to  their  being  consumed  to  the  limit,  or  from  any  other 
cause,  the  current  through  the  shunt  coils  of  ;//,  in^  increases 
greatly,  and  they  would  be  burnt  out  if  this  current  were 
to  continue.  Since,  however,  the  electromagnet  ;/  is  in  this 
circuit,  the  armature  is  strongly  attracted,  and  the  contact 
at  k  is  closed.  A  connection  is  thereby  made  between  the 
binding-posts,  and  the  lamp  is  cut  out  of  circuit.  The 
resistance  r  is  inserted  in  order  to  provide  a  slight  drop  of 
potential  through  the  lamp,  which  will  cause  some  of  the 
current  to  be  diverted  through  the  main  coils  of  the  elec- 

Itromagnet,  thereby  causing  the  lamp  to  operate  in  case  the 
barbons  come  in  contact  again. 
:  To  guard  against  too  sudden  motions  of  the  electromag- 
betic  mechanism,  the  solenoid  cores  are  frequently  attached 
lo  a  plunger  moving  in  a  cylinder  called  a  dashpot,  contain- 
ing glycerine  or  simply  air,  the  design  being  such  as  to  allow 
only  a  slow  displacement  of  the  contents  of  the  cylinder. 
The  general  principles  as  explained  above,  although  many 
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improvements  have  been  made  upon  them,  are  those  em- 
ployed in  all  lamps  of  this  character.  However,  in  some, 
instead  of  solenoids  with  movable  cores,  two  sets  of  mag- 
nets are  used,  opposed  to  each  other  and  attracting  a  com- 
mon armature.  One  set  of  magnets  is  in  the  main  circuit 
and  one  in  the  shunt,  and  the  result  of  their  differential  ac- 
tion is  the  same  as  in  the  type  of  arc  lamp  just  described. 

3454.  The  clutch  arrangement  for  a  double  set  of  car- 
bons is  shown  in  front  and  side  view  by  Fig.  130G.  The 
carbon  rods,  also  called  lamp  rods,  are  c  and  c^\  F  \%  the 
frame,  having  a  clutch  (^  and  k^  at  each  side.     The  frame 


Fig.  1306. 

F  is  raised  and  lowered  by  the  lever  n  which  is  pivoted  at  x. 
The  washers,  such  as  /  of  Fig.  1305,  strike  against  the  bot- 
tom of  the  mechanism  box  as  they  descend,  and  are  caused 
to  assume  a  horizontal  position.  The  core  of  the  electro- 
magnet acts  upon  this  combination  of  levers  in  the  same 
manner  as  zu  is  acted  upon  in  Fig.  1305.  The  clutch  on 
side  k^  is  a  little  higher  than  that  on  /';  so  that  although  c 
is  released,  k^  always  grips  the  carbon  rod  c^  and  holds  it  at 
such  a  height  that  the  washer  does  not  come  in  contact  with 
the  bottom  of  the  mechanism  box,  and  no  current  passes 
through  the  carbons  on  that  side.     When,  however,  the  car- 
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bons  of  c  are  consumed,  the  frame  descends  until  the  cur- 
rent passes  through  the  carbons  of  r, ,  and  the  action  goes 
on  as  before. 

3455.  Rack  and  W^heel  Lamp. — In  these  lamps  the 
feeding  is  effected  by  gearing  from  a  wheel,  which  is  released 
by  the  shunt  coils  when  the  current  in  the  main  coils  weak- 
ens. The  carbon  rod  is  provided  with  a  rack  with  which  a 
pinion  engages.  The  pinion  with  its  gearing  and  the  rack 
are  raised  by  the  attraction  of  the  main  coils,  thereby  stri- 
king the  arc  between  the  carbons.  When  the  current  weak- 
ens, the  pinion  and  rack  are  lowered,  and  when  they  are  at 
the  lowest  point  a  further  lowering  of  the  rack  and  carbon 
rod  is  obtained  by  the  release  of  the  gearing  by  the  shunt 
coils,  which  allows  the  carbon  rod  to  fall  by  gravity. 

The  rack  and  wheel  lamps  have  the  advantage  of  a 
smoother  feeding  action  than  the  clutch  lamps,  but  they 
may  become  clogged  with  dust  and  require  to  be  kept  clean. 

3456.  Sometimes  the  regulation 
is  performed  by  the  engaging  of  a  chain 
instead  of  a  rack  with  the  wheel,  but 
the  principle  of  operation  is  the  same. 
By  either  of  these  methods,  lamps  may 
be  designed  to  operate  both  carbons  at 
the  same  time,  so  that  the  arc  may 
remain  stationary.  The  method  of 
operating  with  a  chain  is  shown  in 
Fig.  1307. 

Wvs,  the  wheel,  C  is  the  chain,  yl  is 
the  positive  carbon,  and  B  is  the  nega- 
tive carbon.  It  may  be  seen  that  when 
J F" turns  and  A  is  raised,^  is  lowered 
at  the  same  time;  or  when  A  is  low- 
ered, B  is  raised. 
^The  apparatus  shown  in  Fig.  1307, 
th  an  extra  outside  resistance,  will 
^"Mserve  for  alternating  and  direct  current 
constant-potential  circuits,  as  well  as 
for  constant-current  series  circuits.  _  „  ,-^ 
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THE  ENCLOSED  ARC  LAMP. 

3457.  The  enclosed  arc  is  a  form  of  electric  light  which 
is  rapidly  coming  into  use.  An  ordinary  arc  in  the  open  air 
burns  carbon  rapidly — so  rapidly,  indeed,  that  two  sets  of 
carbons  are  required  for -all-night  lighting.  If,  however, 
the  arc  is  enclosed,  so  that  but  little  air  can  reach  it,  the 
consumption  of  carbon  is  much  slower,  and  the  lamp  may 
burn  continuously  for  150  hours  or  more. 

Fig.  1308  shows  the  arrangement  of  an  enclosed  arc.  6*  is 
a  hollow  glass  bulb  about  G  inches  long  and  3  inches  in  diam- 
eter and  provided  with  a  small 
opening  at  each  end.  Tothelower 
end  is  screwed  a  small  brass  cap  C. 
Between  the  cap  and  the  end  of 
the  bulb  is  an  asbestos  washer  \V, 
making  this  end  practically  air- 
tight when  the  cap  is  screwed  up. 
At  thecenter  of  the  cap,  and  form- 
ing part  of  it,  is  a  brass  tube  T, 
which  holds  the  negative  carbon. 
The  top  of  the  bulb  is  ground 
smooth.  Upon  it  rests  a  plate 
P  with  a  hole  in  the  center, 
through  which  the  positive  car- 
bon passes.  This  plate  is  not 
fastened  to  the  bulb,  but  is  free 
to  move  about  a  little,  and  the 
hole  in  the  center  is  just  large 
enough  to  allow  the  positive 
carbon  to  move  up  and  down 
freely.  It  is  necessary  to  have 
the  plate  itself  free  to  move,  in 
order  to  get  the  carbons  in  line; 
for  the  negative  carbon  is  put  in 
first,  and  the  positive  carbon 
has  no  room  to  move  sideways  in  the  plate.  Since  the  top 
of  the  glass  and  the  lower  surface  of  the  plate  are  ground 
plane,  little  or  no  air  can  get  in  between  them,  and  the  only 
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place  where  air  can  enter  the  bulb  is  at  the  hole  in  the  cen- 
ter of  the  top  plate,  through  the  small  space  between  the 
carbon  and  the  plate  itself. 

3458.  In  the  plate  shown  in  the  figure,  there  are  two 
grooves  a  and  c  passing  entirely  around  the  carbon.  This 
leaves  less  surface  for  the  carbon  to  rub  against,  and  affords 
a  space  in  which  eddies  are  formed  by  the  hot  air  passing 
up,  thus  further  tending  to  keep  the  cold  air  out. 

The  arrangement  here  described  is  intended  for  use  on 
any  ordinary  arc  lamp.  The  tube  T  at  the  bottom  is  put 
into  the  negative  carbon  holder  of  the  lamp  frame,  and  the 
positive  carbon  slips  down  from  above  through  the  plate. 

3459.  An  open  arc  burns  in  an  atmosphere  of  cold  air 
in  which  there  is  plenty  of  oxygen.  This  oxygen  combines 
with  the  carbon,  and  the  carbon  rods  are  quickly  consumed. 
If  the  carbons  of  an  open  arc  are  drawn  wide  apart,  so  as 
to  raise  the  potential  difference  between  the  positive  and 
negative  carbons  to  75  or  80  volts,  the  combustion  becomes 
very  rapid,  and  the  arc  burns  with  a  flame  which  quickly 
uses  up  the  carbons  while  giving  but  little  light.  In  an 
enclosed  arc  the  supply  of  oxygen  is  limited.  After  the 
first  few  minutes,  the  bulb  is  filled  with  a  hot  atmosphere 
of  nitrogen,  carbon  monoxide,  and  carbon  dioxide.  If  a 
lighted  candle  were  placed  in  the  bulb,  it  would  quickly  be 
jxtinguished,  for  want  of  oxygen.  A  little  fresh  air  comes 
|n  continuously  around  the  positive  carbon.     It  would  not 

^e  correct  to  have  the  enclosing  bulb  entirely  air-tight,  even 
there  were  no  danger  of  explosion  from  the  expansion  of 
the  heated  gases  within.  Some  carbon  is  thrown  off  from 
pe  poles  under  any  condition.  If  there  is  a  little  oxygen 
)resent,  it  will  unite  with  this  carbon  to  form  a  gas  and  will 
»ot  interfere  with  the  light.  If  there  is  no  oxygen,  this 
parbon  will  quickly  coat  the  inside  of  the  bulb  with  a  layer 
)f  lampblack.  As  it  is,  the  bulb  becomes  coated  on  the 
^nside  with  a  light-colored  deposit,  which  comes  from  im- 
purities in  the  carbons,  and  is  mostly  silicon.  This  layer 
helps  to  diffuse  the  light,  and.  in  a  measure,  may  take  the 
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place  of  an  opal  globe.  When  it  becomes  too  thick,  it  ab- 
sorbs considerable  light,  and  it  is  necessary  to  clean  the 
bulbs. 

3460.  Enclosed  arc  lamps  are  run  at  a  higher  potential 
and  with  less  current,,  than  open  arcs.  The  carbons  may  be 
drawn  Avide  apart  without  causing  the  arc  to  flame. 

At  first,  the  bulbs  were  attached  to  lamps  which  were 
built  for  open  arcs,  as  in  the  case  of  the  bulb  shown  in  the 
diagram,  which  was  designed  for  this  purpose.  These 
lamps  were  run  at  about  8  amperes  and  GO  volts.  To  get 
this  voltage,  it  is  necessary  to  draw  the  carbons  wide  apart; 
that  is,  the  lamp  must  have  a  long  pick-up.  Some  styles  of 
arc  lamps  could  be  adjusted  to  do  this,  but  others  could  not. 

It  was  soon  found  to  be  better  to  use  a  still  higher  volt- 
age and  a  smaller  current.  For  this  purpose,  special  lamps 
are  made,  taking  about  5  amperes  at  85  volts.  Such  a  lamp 
gives  more  light  than  one  taking  8  amperes  at  60  volts,  so 
that,  while  the  first  lamp  uses  425  watts,  the  latter  takes 
480,  and  we  get  more  light  per  watt  from  the  high-voltage, 
than  from  the  low-voltage,  arc. 

3461.  These  enclosed  arcs  are  generally  used  in  parallel 
on  a  110-volt  circuit,  a  suitable  resistance  being  put  in  to 
reduce  the  voltage  from  110  to  80  or  85. 

It  is  not  necessary,  then,  to  use  two  lamps  in  series,  as  is 
the  case  when  open  arcs  are  used  on  such  a  circuit.  The 
enclosed  arcs  are  hardly  as  efficient  as  the  open  arcs;  but 
the  former  have  many  advantages  which  are  rapidly  bring- 
ing them  into  use,  the  most  important  of  these  being  the 
small  consumption  of  carbon.  An  ordinary  carbon  will  last 
about  8  hours  in  an  open  arc  lamp;  but  it  is  possible  to 
obtain  a  life  of  150  hours  in  a  good  enclosed  arc  lamp.  This 
means  that,  when  lamps  are  used  in  stores  for  4  or  5  hours 
each  evening,  the  open  arc  lamp  must  be  trimmed  every 
day  and  the  enclosed  arc  only  once  a  month — a  consider- 
able saving  of  carbon  and  a  greater  saving  of  labor. 

The  carbons  of  an  enclosed  arc  are  burned  away  so  slowly 
that  the  lamp  feeds  at  long  intervals,  the  light  being,  con- 
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sequently,  steadier  and  the  arc  quieter.  These  advantages, 
together  with  the  fact  that  there  is  no  possibility  of  sparks 
being  thrown  from  the  enclosed  arc,  make  this  form  of  lamp 
in  many  respects  the  ideal  light  for  indoor  illumination. 

3462.  The  mechanism  of  the  special  lamps  for  enclosed 
arcs  is  the  same  in  principle  as  that  of  the  open  arcs.  Quite 
a  number  of  the  lamps  on  the  market  use  series  coils  only. 
The  carbons  are  in  contact  when  the  lamp  is  not  in  use,  and 
are  caught  and  drawn  apart  by  a  series  coil  as  soon  as  the 
current  starts.  The  pick-up  is  long  on  all  such  lamps.  At 
85  volts  the  carbons  are  about  ^  inch  apart. 

We  easily  see  that  there  is  an  advantage  in  using  only 
series  coils  when  these  lamps  are  placed  on  110- volt  circuits. 
If  a  shunt  coil  is  used,  the  current  through  it  does  not  go 
through  the  arc,  and  is  wasted,  so  far  as  giving  light  is  con- 
cerned. Of  course  there  is  a  fall  of  potential  in  the  series 
coil,  but  it  is  necessary  to  have  some  fall  of  potential  to 
come  down  from  110  to  85  volts;  so  that  the  series  coil  is  a 
part  of  the  resistance  which  must  be  used  anyway. 

3463.  Where  enclosed  arcs  are  connected  in  series,  it 
is  best  to  use  both  shunt  and  series  coils,  or,  if  desired, 
shunt  coils  alone  may  be  used.  In  the  latter  case  the  car- 
bons stand  wide  apart  when  the  current  is  not  on,  and  are 
held  there  by  a  strong  spring  pulling  up.  When  the  current 

turned  on,  it  all  goes  through  the  shunt  coil  at  first.  This 
ixerts  a  strong  pull  downwards,  drawing  the  positive  carbon 
lown  till  it  touches  the  negative  one,  thus  striking  the  arc. 
'he  instant  the  carbons  come  together,  a  current  starts 
Across,  most  of  it  going  through  the  carbons  and  little 
phrough  the  shunt  coil.  The  downward  pull  of  the  shunt 
toil  is  weaker  now  than  the  upward  pull  of  the  spring,  and 
^he  carbons  are  thereby  separated  to  the  proper  distance. 

3464.  A  representative  form  of  enclosed  arc  lamp  is 
"shown  in  Fig.  1.309.     There  is  but  one  solenoid  j,  which  is 

connected  in  series  with  the  carbons  and  has  a  compact 
magnetic  circuit  through  the  cylindrical  yoke  jy,  the  conical 
core  1%  and  the  armature  a.     The  armature  carries  at  its 
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lower  end  a  pan  p  containing  four  clutch  rings  r,  which  fall 
by  gravity  and  grip  the  carbon  c  by 
wedging  between  the  carbon  and  the 
incHned  side  of  the  pan.  As  the  car- 
bon falls  by  reason  of  the  consumption 
at  the  arc,  or  through  the  current  being 
interrupted,  the  pan  is  lowered  until 
the  rings  are  caught  by  the  tube  / 
which  is  supported  by  the  frame  of  the 
lamp.  This  action  releases  the  carbon, 
which  then  falls  towards  the  lower  car- 
bon c\  but  the  consequent  reduction  of 
resistance  causes  a  large  current  to  flow 
through  the  coil  s,  which  draws  up  the 
armature,  and  with  it  the  carbon  c,  to 
the  normal  height.  Regulation  is,  then, 
effected  by  the  differential  action  of  a 
series  coil  and  gravity,  for  the  moving 
system  is  designed  to  have  considerable 
weight.  The  upper  carbon  is  held  in  a 
sheath  b^  which  allows  of  the  use  of 
shorter  carbons  than  would  otherwise 
be  necessary.  The  sheath  will  readily 
pass  between  the  clutch  rings  and 
through  the  tube  /.  Current  is  con- 
ducted to  the  carbon  by  means  of  six- 
teen contact  rings  d,  enclosed  within  a 
box  e,  and  making  flexible  contact  with 
the  carbon.  The  inner  globe  g  sur- 
rounds the  carbons,  and  is  supported 
by  the  arm  or  yoke/".  The  outer  globe 
fits  over  the  plate  h  at  the  bottom,  and 
,  is  secured  at  the  top  by  a  circular  nut 
at  /,  the  joint  being  packed  by  means  of 
asbestos  gaskets.  The  space  immediately 
above  Ji  and  below  the  inner  globe  is 
intended  for  the  rheostat — a  necessary 
adjunct  to  all  enclosed  arc  lamps. 
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The  enclosed  arc  requires  carbons  of  exceptional  purity, 
in  order  to  prevent  the  formation  of  deposits  upon  the  inner 
globe.  The  especial  feature  of  these  lamps  is,  however,  the 
use  of  a  high  potential,  usually  about  80  volts,  between  the 
carbons,  the  remainder  of  the  E.  M.  F.  of  the  circuit  being 
taken  up  by  the  resistance  of  the  series  winding  and  the 
rheostat. 
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3465.  In  Art.  3445  attention  was  called  to  the  fact 
that  a  conductor  of  high  resistance  is  easily  heated  to  such 
a  degree  that  it  glows  with  light — that  is,  it  becomes  in- 
candescent. It  is  evident  that  if  a  conductor  can  be  obtained 
which  will  allow  of  continued  incandescence  when  the  current 
is  passing,  and  which  will  last  for  a  reasonable  time,  such  a 
conductor  would  form  an  exceedingly  simple  lamp,  as  no 
complicated  mechanism  would  be  required  to  control  its 
radiance,  other  than  a  proper  regulation  of  the  current  and 
pressure  for  which  it  was  designed. 

Lamps  of  this  kind  were  first  patented  in  England  in  1845. 
In  these  early  lamps  solid  carbon  or  metal  rods  were  used, 
which  were  heated  white  hot. 

Owing  to  the  tendency  of  carbon  to  oxidize  when  at  a 
high  temperature,  it  became  necessary  to  enclose  the  incan- 
descent carbon  in  a  glass  vessel  from  which  the  air  had  been 
exhausted. 

Platinum,  which  was  occasionally  utilized  as  a  conductor, 
did  not  prove  lasting  enough,  while  the  carbon  rods  lacked 
the  necessary  chemical  and  mechanical  uniformity  to  make 
them  commercially  a  success. 

Edison,  however,  after  experiments  which  lasted  several 
years  and  during  which  a  vast  number  of  materials  were 
tried,  in  the  attempt  to  find  a  suitable  conductor  of  lasting 
qualities,  finally  found  that  the  carbonization  of  certain 
vegetable  substances  gave  a  conductor  of  the  desired  quali- 
lies.  By  means  of  this  discovery  he  built  the  first  practical 
incandescent  lamp. 
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THE  INCAlVDESCFilVT    LAMP. 

3466.  An  incandescent  lamp  is  thus  a  light-pro* 
ducing  device  in  which  a  current  of  electricity  traverses  a 
carbon  strip,  usually  of  horseshoe  shape,  supported  in  an 
almost  complete  vacuum,  and  heats  it  to  incandescence. 

The  Edison  incandescent  lamp  is  shown  in  Fig.  1310.  G 
is  a  clear  glass  globe,  which  has  been  almost  completely 
exhausted  of  air  and  gas.  Within  this 
globe  and  supported  by  two  platinum 
wires  /  and  p^  is  the  carbon  strip,  or 
filament,  F.  This  filament  is  very 
fine,  having  little  more  thickness  than 
a  horse  hair,  and  is  prepared  by  car- 
bonizing an  elastic  vegetable  substance 
made  from  wood  pulp,  linen,  cotton, 
or  paper,  and  called  cellulose.  The 
material  is  subjected  to  various  treat- 
ments until  it  becomes  gelatinous,  or 
like  jelly.  It  is  then  forced  through 
an  aperture  in  a  die  and  drawn  to  the 
desired  cross-section.  Next,  it  is 
formed  by  winding  on  molds,  and 
afterwards  carbonized.  This  last  is 
effected  by  raising  the  strips  to  a  high 
temperature  in  an  air-tight  enclosure. 
The  platinum  wires  p  and  /,,  to 
which  the  filament  is  joined,  are  blown 
in  the  glass  piece  K. 

One  of  these  wires  is  connected  to 
the  brass  screw  piece  s,  while  the  other 
is  connected  to  a  brass  plate  o,  insu- 
lated from  s  by  cement  made  of  plas- 
ter of  Paris,  which  also  secures  the 
glass  bulb  in  place.  The  socket  is 
Fig.  1310.  shown  at  A.     It  contains  a  circular 

aperture  with  a  brass  screw  piece  corresponding  to  s,  so  that 
when  the  lamp  is  screwed  into  the  socket  a  good  contact  is 
made  between  the  two  screw  connections.     As  the  key  A  is 
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turned,  the  lamp  being  in  the  socket,  it  acts  upon  a  lever 
which  rises  and  makes  connection  with  the  plate  at  o.  This 
connection  is  made  with  a  scraping  motion,  which  keeps  the 
contact  always  bright.  The  two  conductors  from  the  light- 
ing mains  are  twisted  together  into  one  cord,  each  being  sep- 
arately insulated,  and  enter  at  w.  One  conductor  is  con- 
nected to  the  screw  piece  of  A,  while  the  other  is  connected 
to  the  contact  lever,  and  the  current  therefore  passes 
directly  through  the  car- 
bon filament. 


3467.  Exhausting 
the  Air  from  the  Glass 
Globe. — The  air  is  ex- 
hausted from  the  globe 
G,  Fig.  1310,  by  a  mer- 
cury air-pump.  The  prin- 
ciple of  this  apparatus  is 
shown  in  Fig.  1311.  Let 
R  represent  the  lamp,  one 
end  of  which  has  been 
sealed  by  the  glass  piece 
carrying  the  carbon  fila- 
ment. The  other  end  is 
open  and  connected  to  the 
lass  tube  x.  This,  in 
•irn,  is  connected  to  the 
be  c  d^  the  lower  end  of 
hich  passes  through  the 
rk  d  and  dips  under  the 
mercury  in  vessel  B.  The 
pper  end  is  fastene  1  to 
e  glass  funnel  .^  by  a 
bber  tube  c.  A  clamp 
tightly  closes  this  rubber 
tube,  and  a  valve  closes 
the  tube  x. 
When  a  long  tube,  closed 
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at  one  end,  is  filled  with  mercury  and  then  placed  in  a  ver- 
tical position  with  the  open  end  beneath  the  level  of  the 
mercury  in  a  vessel,  the  mercury  will  stand  at  a  certain 
height — about  30  inches — in  the  tube,  as  shown  in  Fig. 
1311,  which  represents  at  R  an  exhausted  glass  sphere. 

Mercury  is  poured  into  the  funnel  A,  and  then  a  small 
quantity  is  allowed  to  escape  down  the  tube  by  adjusting  the 
clamp.  This  quantity  carries  part  of  the  air  down  the  tube 
and  out  through  the  aperture  of  B;  and,  as  a  constant  quan- 
tity of  mercury  is  allowed  to  escape,  alternate  layers  of  mer- 
cury and  air  proceed  down  the  tube  until  an  almost  complete 
vacuum  is  formed  in  the  lamp  R,  and  no  air  bubbles  are  seen 
in  the  column  of  mercury  passing  down  the  tube. 

3468.  Before  the  lamp  is  connected  to  the  pump,  a 
short  tube,  with  two  capillary  or  extremely  narrow  contrac- 
tions in  its  length,  is  blown  in  at  the  top. 

Next,  a  tube  is  prepared  with  an  enlarged  end,  as  shown 
in  Fig.  1312.     Two  short  platinum  wires  respectively  soldered 

to  the  ends  of  the  two  cop- 
— "  ::v     ^         ^^    per  wires  are  inserted  in  the 

. j-    . .      J^      tube,  and  the  enlarged  end 

~- "^  is    heated   nearly  to   fusion 

Fig.  1312.  and    compressed    upon   the 

wires,  so  that  they  are  embedded  in  the  glass,  leaving  two 
bent  pieces  outside.  To  these  pieces  wires  are  joined,  and 
these  are  in  turn  connected  to  the  ends  of  the  carbon  filament 
by  a  deposit  of  pure  copper. 

The  enlarged  end  of  the  tube  is  then  blown  into  the  large 
opening  in  the  bulb  or  globe,  so  that  it  forms  part  of  the 
glass.  Next,  the  drawn-down  end  is  trimmed  off  square,  and 
the  lamp  is  ready  to  be  exhausted. 

However,  while  exhaustion  is  in  progress,  some  further 
treatment  is  given  to  the  carbon  to  confer  upon  it  elasticity 
and  ability  to  stand  high  degrees  of  incandescence.  This 
consists  in  introducing  into  the  bulb  a  gas  rich  in  carbon, 
and  then  passing  a  strong  current  through  the  filament. 
The  effect  of  this  treatment,  which  is  called  flashing,  is  to 
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deposit  carbon  upon  the  filament,  this  occurring  principally 
upon  those  portions  which  glow  the  most  brightly.  Since 
these  portions  are  originally  the  thin  parts  of  the  filament, 
they  are  at  once  built  up,  thus  producing  a  carbon  thread 
having  a  uniform  resistance  throughout  its  length. 

A  great  variety  of  incandescent  lamps  are  manufactured, 
but  they  differ  only  in  details  of  construction.  The  general 
principle  is  the  same,  in  that  a  filament  through  which  a  cur- 
rent passes  is  produced  by  carbonizing  some  vegetable  sub- 
stance, and  this  filament  is  held  within  a  glass  globe  that 
has  been  almost  completely  exhausted  of  air. 

3469.  The  common  candle^po^^ers  for  incandescent 
lamps  are  8,  10,  10,  20,  32,  50,  and  100.  The  10  candle-power 
and  32  candle-power  are  most  generally  used. 

The  same  incandescent  lamp  may  be  used  on  either  alter- 
nating or  direct  current  circuits. 

Rule. —  The  pozver  required  for  the  average  incandescent 
lamp  may  he  calculated  by  alloiving  about  3.44  u>atts  per 
candle,  so  that  a  16  candle-poiuer  lamp  requires  about  16  X 
3.44=  55  ivatts. 

Rule. — In  figuring  the  ?iumber  of  lamps  zvhich  a  certain 
engine  horsepozver  can  supply,  it  is  customary  to  allow  10 
Ediso7i  16  candle-power  lamps  per  indicated  horsepower. 

The  current  required  for  16  candle-power  lamps  of  different 
voltages  is  given  below,  figured  on  a  basis  of  55  watts  per 
lamp  : 


Electromotive 
Force  in  Volts. 


Current 
in  Amperes. 


^P  3470.  The  life  of  incandescent  lamps  is  greatly  dimin- 
ished by  running  them  higher  than  at  their  normal  voltage. 
The   average  durability  of    the   filament   of    incandescent 
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lamps  is  estimated  at  from  600  to  1,000  hours,  or  from  two 
and  one-half  to  four  months,  with  an  average  use  of  from 
eight  to  nine  hours  a  day.  Many  lamps  burn  very  much 
longer  than  this  ;  800  hours  is,  however,  a  fair  average 
figure.  

MEASUREMENTS    AND  CALCULATIONS. 


DETERMINATION    OF    CANDLE-POWER. 

3471.  The  candle-power  of  the  electric  lamp  is  the 
number  of  standard  candles  that  would  produce  a  light 
equal  to  its  own  in  intensity. 

The  unit  of  light  in  general  use  is  a  spermaceti  candle  ^  of 
an  incJi  in  diameter^  burning  120  grains  per  hour.  Six  such 
candles  weigh  one  pound.  They  vary  sometimes  as  much 
as  ten  per  cent,  from  the  standard. 

A  legal  standard  of  light  was  agreed  upon  by  the  Inter- 
national Congress  of  Electricians,  at  Paris,  in  April,  1884. 
This  standard  is  as  follows  : 

The  unit  of  each  simple  light  is  the  quantity  of  light 
of  the  same  kind  emitted  in  the  normal  direction  by  a  square 
centimeter  of  surface  of  molten  platinum  at  the  temperature 
of  solidification.  The  practical  unit  of  ivhite  light  is  the 
quantity  of  light  emitted  normally  by  the  same  source. 

A  square  foot  of  surface  is  equally  illuminated  by  a 
standard  candle  at  a  distance  of  12.7  inches.  A  16  candle- 
power  lamp  gives  the  same  illumination  at  a  distance  of 
4  feet  2  inches. 

3472.  Photometer. — The  candle-power  of  an  electric 
light  is  measured  by  a  photometer.  The  two  photometers 
generally  used  are  those  of  Bunsen  and  Rumford. 

A  diagram  of  Bunsen's  photometer  is  shown  in  Fig. 
1313.  A  \s2i  darkened  box  containing  the  lamp  /.  From 
this  box  a  tube  projects,  so  that  the  rays  from  the  lamp  are 
carried  directly  through  it  into  an  opposite  tube  at  a  known 
distance  from  the  first.  This  second  tube  carries  a  scale 
upon  which  slides  the  box  s.     In  the  center  of  this  box  is 
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stretched  a  piece  of  paper  d  with  a  grease-spot  at  its  center. 
This  spot  is,  of  course,  transparent,  and  allows  the  light 
to  pass  from  either  direction. 

On  each  side  of  the  paper  is  an  inclined  mirror,  so  placed 
that  on  looking  directly  upon  the  edge  of  the  paper  through 
a  horizontal  slit  in  the  tube,  both  sides  may  be  seen  in  the 
mirrors  at  the  same  time.  In  a  compartment  B  at  the  other 
end  of  the  second  tube  is  a  standard  candle  c.  Both  com- 
partments are   covered   at    the  back  by   a    non-reflecting 


Fig.  1313. 

cloth,  and  all  inside  surfaces  are  blackened,  so  as  to  exclude 
all  effects  from  reflected  light. 

To  make  the  test,  the  room  is  darkened  and  box  s  is  ad- 
justed along  the  slide  until  the  outline  of  the  grease-spot 
disappears  and  the  entire  paper  shows  exactly   the   same 
Ldegree  of    brightness,    which    indicates   that    the    movable 
[paper  has  now  been  placed  in  a  position  at  which  the  light 
[from  c  has  the  same  effect  upon  it  as  the  light  from  /. 

This  means  that  a  light  of  candle-power  c  must  be  placed 
It  a  distance  y  from  the  grease-spot  to  shed  the  same  radi- 
ince  upon  the  paper  as  a  light  of  candle-power  /  at  a 
distance  x. 

Let  L  n=  light  from  standard  candle  ; 

D  •—  distance  between  candle  and  screen  ; 

d  =  distance  between  lamp  tested  and  screen. 
Then  the  light  from  the  lamp  tested, 


/  = 


D" 
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Since  L  is  taken  as  a  standard  candle,  or  unity,  the  candle 
power  of  lamp  tested, 

/=^.  (534.) 

That  is  to  say,  tJie  intensity  of  the  light  received  by  an 
object  varies  inversely  as  the  square  of  its  distance  from  the 
source. 

Thus,  if  a  light  has  a  candle-power  intensity  of  1,000  at  a 
distance  of  2  feet,  at  4  feet,  or  twice  the  distance,  the  in- 
tensity will  not  be  one-half  of  this,  but  one-fourth,  or  250 
candle-power.     The  abbreviation  for  candle-poiver  is  c.  p. 

Example. — Suppose  a  light  of  an  intensity  of  one  candle-power  be 
placed  at  c  in  the  photometer,  and  a  lamp  of  unknown  intensity  at  /, 
and  let  it  be  required  to  determine  the  candle-power  at  /.  On  moving 
the  greased  paper  along  the  tube  4  inches  from  c  and  16  inches  from  /, 
the  grease-spot  disappears. 

Solution. — In  this  case,  Z?  =  4  and  d=  16;  then,  by  formula  534, 
the  candle-power  of  the  lamp, 

,      16X16      ,„  . 

1=—. r-  =  16c.  p.     Ans. 

4X4  ^ 

3473.  In  Rumford's  photometer  two  shadows  of 
an  opaque  rod  are  thrown  on  a  white  screen.  One  shadow 
is  thrown  by  the  lamp  at  a  given  angle,  and  the  other  is 
thrown  by  the  candle  at  an  angle  equal  to  that  of  the  lamp. 
The  distances  are  adjusted  until  both  shadows  have  the 
same  degree  of  intensity,  when  the  same  formula  is  applied. 

3474.  Distribution  of  Light. — The  candle-power  of 
a  lamp  differs  according  to  the  direction  from  which  it  is 

measured.  The  maximum  candle- 
power  is  that  obtained  from  an 
angle  of  45°  below  the  horizontal 
plane  of  the  lamp.  This  makes  it 
JL  necessary  to  take  the  mean  spheri- 
cal candle-power  instead  of  the 
horizontal. 

In  Fig.    1314   the   direction    of 

the  ray  of  maximum   intensity  of 

Pio.  1314.  an  arc  lamp  is  shown  to  be  at  an 
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angle  of  45°  to  the  horizontal  H  and  beneath  the  arc.  The 
direction  of  this  ray  is  represented  by  the  line  M  N. 

To  properly  rate  lamps  according  to  their  candle-power, 
it  is  necessary  to  determine  what  is  called  the  mean  or 
axcragc  spherical  intensity  of  their  illumination. 

The  circle  drawn  around  the  arc  as  a  center  represents 
the  outline  of  a  sphere,  the  average  surface  illumination  of 
which  is  the  rated  candle-power  of  the  arc. 

The  mean  spherical  candle-power  is  the  average 
candle-power  on  the  surface  of  a  sphere  with  the  light  as  its 
center. 

Rule. —  The  mean  spherical  candle-power  of  an  arc  lamp 
is  equal  to  one-half  the  mean  horizontal  candle-power  plus 
one-quarter  the  maximum  candle-power. 

Rule. — If  the  horizontal  candle-power  of  an  Edison  in- 
candescent lamp  is  1,  the  mean  spherical  candle-power  is  .98. 
At  an  angle  of  ^5°  from  the  horizontal,  the  candle-power  is 
1.33.  Similarly^  the  spherical  intensity  of  a  Maxim  lamp  is 
.74,  and  of  a  Swan  or  Lane-Fox  lamp^  .58. 

Example. — A  photometer  test  was  made  upon  an  incandescent  lamp. 
The  slide,  when  adjusted,  was  3  feet  from  the  candle  and  18  feet  from 
the  lamp.     What  was  the  candle-power  ? 

18* 
SoLUTiox. — By  formula  534,  /  =  -^  =  36  cp.    Ans. 

Example. — The  horizontal  candle-power  of  an  Edison  incandescent 
lamp  is  32.     What  is  the  mean  spherical  candle-power  ? 

Solution. — Using  rule  in  Art.  3474,  the  mean  spherical  candle- 
power  =  32  x -98  =  31.36  c.  p.     Ans. 


I 


CAXDLE-POWER  OF  ARC  LAMPS. 
3475.  The  practical  measurement  of  the  candle-power 
of  an  arc  lamp  is  based  on  the  number  of  watts  used.  A 
common  voltage  for  arc  lamps  is  45.  With  a  current  of  10 
amperes  and  45.5  volts,  an  arc  rated  at  2,000  candle-power 
gave  a  maximum  candle-power  of  2,070,  a  horizontal  candle- 
I  power  of  421,  and,  hence,  according  to  the  rule  in  Art. 
3474,  a  mean  spherical  candle-power  of 

i|l  ^  A^iO  =  210.5 -f  517 .5  =  728  c.  p.. 
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of  which  about  G40  candle-power  was  given  out  in  the  lower 
half  of  the  light-sphere. 

Hence,  the  mean  candle-power  of  an  arc  lamp  is  but  little 
more  than  one-third  of  the  maximum  ray,  while  the  light 
utilized  by  street  lamps  is  less  than  one-third,  the  remainder 
being  radiated  above  the  horizontal.  With  different  carbons 
or  different  adjustment  the  intensity  or  direction  of  the 
maximum  ray  varies,  but  with  the  same  watts  the  mean 
candle-power  remains  sensibly  the  same. 

The  practical  measure  of  the  candle-power,  therefore,  is 
the  watts  used.  A  2,000  candle-power  lamp  requires  450 
watts;  a  1,200  candle-power  lamp  requires  300  Avatts;  or, 
feince  arc  lamps  are  almost  universally  adjusted  for  45  volts, 
these  figures  correspond  to  10  amperes  and  G.8  amperes, 
respectively. 

The  rule  to  follow,  then,  to  determine  whether  an  arc 
lamp  is  giving  as  much  light  as  is  being  paid  for,  is: 

Measure  by  means  of  a  standard  voltmeter  the  voltage  at 
the  terminals  of  the  lamp  and  determine  zvitJi  an  ammeter 
the  current  floxving.  If  the  product  is  equal  to  or  greater 
than  Jf50  for  a  2,000  candle-power  lamp,  or  SOO  for  a  1,200 
candle-power  lamp,  the  quantity  of  light  paid  for  at  these 
ratings  is  actually  given  off  or  exceeded. 

Example. — A  series  generator  running  at  about  450  volts  is  supply- 
ing ten  2,000  candle-power  arc  lamps  with  current.  One  of  these 
lamps  is  of  a  new  make,  and  the  question  has  arisen  as  to  its  giving 
out  2,000  candle-power.     How  can  this  be  determined  ? 

Solution. — An  ammeter  is  placed  in  series  with  the  lamp  and  a 
voltmeter  around  the  terminals  of  the  lamp.  Both  readings  of  these 
instruments  are  taken  at  the  same  time,  and  it  is  found  that  the  volt- 
age =  45.5  and  the  current  =  9.G. 

The  product  =  9.6  X  45.5  =  436.8  watts. 

This  figure  is  slightly  below  what  a  good  lamp  should  take  to  be  of 
a  nominal  2,000  candle-power  rating,  and,  hence,  this  measurement 
would  show  the  new  lamp  to  be  below  the  average.     Ans. 

3476.     The  efficiency  of  an  electric   lamp  is  the 

mean  spherical  candle-power  divided  by  the  electrical  work 
done  between  the  terminals. 
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The  connections  for  finding  the  efficiency  of  a  lamp  are 
shown  in  Fig.  1315. 

B  represents  a  photometer,  s  is  the  slide,  c  is  the  standard 
candle,  x  is  the  +  terminal  of  the  source  of  electricity,  and 
y  is  the  —  terminal. 

Across  the  terminals  of  the  lamp  /  is  a  voltmeter  V  in 


mt 


k 


Fig.  1315. 


shunt  circuit.     A  is  an  ammeter  in  direct  circuit  with  the 
lamp. 

To  calculate  the  efficiency,  the  candle-power  is  found  by 
the  photometer,  and  at  the  same  time  readings  are  taken 
upon  the  voltmeter  and  ammeter. 

Let  E  =  efficiency  of  a  lamp; 

C  =  the  current  going  through  the  lamp; 
E  =  the  E.  M.  F.  between  the  terminals. 


Then, 


_  mean  spherical  c.  p. 


(535.) 


That  is,  f/u'  efficiency  of  a  lamp  is  found  by  dividing  the 
mean  spherical  candle-pozver  by  the  zoatts  taken. 

The  resistance  of  a  lamp  when  cold  may  be  found  by 
measurement  upon  an  ordinary  Wheatstone  bridge. 

Let  IK=  electrical  power  in  watts; 
Rt^  =  resistance  hot. 

E 


R,= 


C 


(536.) 
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The  resistance  of  a  lamp  zvlicn  hot  is  equal  to  the  electro- 
motive force  in  volts  at  its  terminals  divided  by  the  current  in 
amperes  passing  throjigh. 

IV=E  C=C'  R^.  (537.) 

The  power  in  watts  absorbed  by  a  lamp  is  equal  to  the  elec- 
tromotive force  at  its  terminals  multiplied  by  the  current 
passing,  or  is  equal  to  the  square  of  the  current  multiplied  by 
the  resistance  {hot)  of  the  lamp. 

Mechanical  energy  per  second  =  .7373  E  C.  (538.) 

The  energy  per  second  in  footpounds  expended  on  a  lamp  is 
equal  to  .  7373  times  the  zvatts  taken  by  the  lamp. 

F  r      C  R 

The  electrical  horsepower  spent  on  a  lamp  is  equal  to  the 
quotient  obtained  by  dividing  the  zvatts  required  by  7Jf6, 

Lamps  per  E.  H.  P.  =  -j^-j^  =  ^-..^  „  .  (o40.) 

The  number  of  lamps  zvhich  can  be  run  with  an  expendi- 
ture of  one  electrical  horsepower  is  found  by  dividing  7^6  by 
the  watts  required  per  lamp. 

Candles  per  E.  H.  P.  =  '^'  ^' eC^^ '  ^^^^'^ 

The  equivalent  light  in  candles  per  electrical  horsepower  is 
equal  to  the  product  of  the  candles  per  lamp  and  7^6,  divided 
by  the  watts  required  per  lamp. 

IX  F  C 
Heat  units  =  .  (542.) 

c.  p.  ' 

1  'he  heat  units  per  second  per  candle  in  calories  given  out  by 
a  lamp  are  found  by  multiplyiiig  the  watts  expended  by  .2^ 
and  dividing  by  the  candle-power. 

W  per  c.  p.  =  ^  =^1^.  (543.) 

^         ^       c.  p.        c.  p.  ^  ' 


ELECTRIC   LIGHTING.  2331 

The  watts  required  per  candle-poiuer  are  equal  to  the  prod- 
uct of  tJie  electromotive  force  and  the  current,  divided  by  the 
candle-power. 

Example. — The  mean  horizontal  candle-f)ower  of  an  arc  lamp  is  32. 
The  maximum  candle-power  is  36.  The  E.  M.  F.  between  the  terminals 
is  30,  and  the  current  is  4  amperes.     What  is  the  efficiency  ? 

Solution. — Applying  rule  in  Art.  3474, 

mean  spherical  c.  p.  =  ^  -f-  ^  =  25. 

Applying  formula  535,  the  efficiency 

25 


30x4 


.20833.     Ans. 


Example. — A  test  was  made  of  a  16  candle-power  incandescent 
lamp.  The  current  was  found  to  be  .5  ampere  and  the  E.  M.  F.  50  volts. 
What  was  the  resistance  when  hot  ?  the  electrical  power  in  watts  ? 
energy  per  second  in  foot-pounds  ?  electrical  H.  P.  spent  on  lamp  ? 
number  of  lamps  per  electrical  H.  P.?  candles  p)er  electrical  H.  P.? 
heat  units  f>er  second  per  candle  in  calories?  watts  per  candle- 
power  ? 

Solution. — By  formula  536,  the  resistance  when  hot 

50 
Rh.  =  -^  =  100  ohms.     Ans. 

.0 

By  formula  537,  the  electrical  power 

fF  =  50  X  .5  =  25  watts.     Ans. 
By  formula  538, 

energy  per  second  =  .7373  x  50  X  -5  =  18.4325  ft.-lb.     Ans. 

By  formula  539, 

50  V  5 
electrical  H.  P.  spent  on  lamp  =  — ?^  =  .03351  H.  P.     Ans. 


By  formula  540, 

number  of 

By  formula  541, 

candles 

By  formula  542, 

heat  unii 

By  formula  543, 


746 

number  of  lamps  per  H.  P.  =  ^— r r  =  29.84.     Ans. 

oO  X  -5 


candles  per  H.  P.  =  --- — *—^  =  477.44.     Ans. 
^  50  X  .5 


.      ^       .^        .24X50  X. 5       o-K      1     •        A 

heat  units  = -5 =  .875  calorie.     Ans. 

lo 


watts  per  candle-power  =  — r^  =  1.5625.     Ans. 
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3477.  Incandescent  lamps  are  commonly  operated  at 
.33  candle  per  watt,  at  which  a  16  candle-power  lamp 
absorbs  about  50  watts;  at  .29  candle  per  watt,  at  which  a 
16  candle-power  lamp  absorbs  about  55  watts;  at  .28  candle 
per  watt,  at  which  a  16  candle-power  lamp  absorbs  about 
57.6  watts;  or  at  .25  candle  per  watt,  at  which  a  16  candle- 
power  lamp  absorbs  about  64  watts. 

When  a  lamp  is  operated  at  a  high  rate  of  efficiency,  the 
voltage,  candle-power,  and  temperature  are  high;  hence, 
although  the  running  economy  is  greater,  the  life  of  the 
lamp  is  less  than  if  operated  at  a  lower  efficiency.  By  ex- 
perience and  observation,  the  proper  efficiency  of  lamps  to 
obtain  the  greatest  economy  may  be  determined,  so  that  the 
cost  of  renewing  shall  not  overbalance  the  gain  in  running- 
economy  at  high  efficiencies. 

At  an  efficiency  of  .25  candle  per  watt,  incandescent  fila- 
ments give  a  candle-power  of  100  to  150  per  square  inch  of 
surface.  At  .33  candle  per  watt,  they  give  a  candle-power 
of  160  to  270  per  square  inch.  Very  small  lamps  are  operated 
at  a  low  efficiency  of  about  .13  candle  per  watt. 

3478.  In  the  manufacture  of  incandescent  lamps,  a 
Bunsen  photometer  is  used  to  determine  the  required  volt- 
age at  the  lamp  terminals.  For  this  purpose,  a  standard 
lamp  of  given  candle-power  is  first  constructed.  This  is  set 
with  tha  proper  E.  M.  F.  between  terminals,  at  one  end  of 
the  photometer,  while  the  lamp  to  be  measured  is  at  the 
other  in  series  circuit  with  a  source  of  power  and  a  rheostat. 
From  the  terminals  of  the  latter,  a  voltmeter  is  connected 
in  shunt  circuit.  The  paper  diaphragm  of  the  photometer 
is  placed  exactly  between  the  two  lights.  The  rheostat  is 
now  turned  until  each  lamp  gives  the  same  luminous  inten- 
sity, or  until  both  sides  of  the  paper  show  equal  degrees  of 
brightness. 

The  E.  M.  F.  is  then  read  off  upon  the  voltmeter,  and  this 
with  the  candle-power  marked  upon  the  measured  lamp.  The 
current  passing  through  this  lamp  may  also  be  determined 
by  connecting  a  milliammeter  in  series  circuit.  Other  lamps 
are  substituted  and  sjjbjected  to  the  same  measurements. 
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GENERAL  DATA  FOR  ARC   AND  INCANDESCENT 

LAMPS. 
3479.     The  intensity  of  the  light  actually  produced  in 
commercial  lamps  is  reduced   somewhat  by  the  use  of  glass 
globes.     Thus, 

The  light  cut  off  by  incandescent-lamp  bulbs  is  : 
For  ordinary  glass,  Q.5^. 
For  light  ground  or  frosted  glass,  12^. 
The  light  cut  off  by  arc-lamp  globes  is  : 
For  ordinary  glass,  lOj^. 
For  light  ground  glass,  30^. 
For  heavy  ground  glass,  45  to  50j^. 
For  strong  opal  glass,  50  to  QO^. 


COMMERCIAL  LAMPS. 

3480.     The  following  table  is  taken  from  tests  made  on 

standard  incandescent  lamps  of  various  makes  at  present 

in  use  : 

TABLE   108. 


Volts. 

c.  p. 

Amperes. 

Watts 
per  Lamp. 

Watts 
per  C.  P. 

52 

IG 

1.04 

54.1 

3.38 

52 

32 

2.08 

108.2 

3.38 

52 

100 

6.50 

338.0 

3.38 

100 

16 

.64 

64.0 

4.00 

100 

32 

1.28 

128.0 

4.00 

100 

100 

4.00 

400.0 

4.00 

110 

16 

.58 

64.0 

4.00 

no 

32 

1.16 

128.0 

4.00 

no 

100 

3.64 

400.0 

4.00 

Heatlnji:. — A  16  candle-power  (64-watt)  incandescent 
lamp  gives  off  about  220  British  thermal  units  of  heat  per 
hour. 
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A  British  thermal  unit  is  equivalent  to  the  amount  of  heat 
required  to  raise  1  pound  of  water  from  63°  F.  to  63°  F. 

Incandescent  lamps  give  off  between  10  and  20  per  cent, 
less  heat  than  gas-jets  of  the  same  candle-power. 

34S1.     Illumination  by  Incandescent  Lamps.^In 

all  methods  of  wiring,  it  is  necessary  to  so  locate  the  light 
that  the  best  illumination  may  be  obtained.  In  factory 
lighting  the  lights  are  so  placed  that  they  will  be  as  near  as 
possible  to  the  workmen,  whether  at  the  machine  or  vise. 

For  the  interior  of  stores,  general  illumination  is  required. 
Show-windows  should  be  lighted  by  reflected  light  only,  be- 
cause exposed  light  striking  the  eye  will  cause  the  effect  of 
the  general  arrangement  to  be  lost  to  the  observer.  In 
picture  galleries  this  same  idea  should  be  carried  out. 
House  illumination  is  more  for  effect  than  general  illumi- 
nation. 

In  theater  lighting,  where  the  scenic  effects  depend  entirely 
upon  a  careful  adjustment  of  light  intensities,  experience  is 
the  only  guide. 

Among  other  points  to  be  observed  in  placing  lights  is  the 
color  of  the  surrounding  walls.  Dull  walls  will  reflect  only 
about  20  per  cent,  of  the  light  thrown  on  them,  while  a 
clean,  white  surface  will  reflect  80  per  cent.  The  height  of 
the  room  also  reduces  the  effectiveness  of  a  given  light 
intensity. 

The  following  table  gives  the  general  effect  produced  by 
different  numbers  of  16  candle-power  lamps  placed  at  a  given 
height  above  the  floor. 


Number  of  16  C. 
Lamps  per  100  Sq. 

P. 

Ft. 

Approximate  Effect. 

1.0 

Dull 

1.5 

Medium 

2.0 

Good 

3.0 

Bright 

4.0 

Brilliant 
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One  candle-foot  is  considered  a  good  light  to  read  by, 
which  is  the  illumination  given  by  a  standard  candle  at  the 
distance  of  1  foot. 

The  candle-power  value  of  different  lights  is  as  follows: 

Ordinary  moonlight 025  candle-foot 

Street  lighted  by  gas 030  candle-foot 

Stage  of  a  theater 2.9  to  3.8  candle-feet 

Diffused  daylight 10  to  40  candle-feet 

A  clear  idea  of  these  various  intensities  is  easily  gained  by 
comparison,  remembering  that  1  candle-foot  furnishes  a  good 
light  to  read  by,  as  stated  above. 

The  following  table  gives  the  number  of  square  feet  illu- 
minated by  a  IG  candle-power  incandescent  lamp  at  stated 
heights  and  under  certain  conditions;  the  table  fulfils  all 
practical  requirements : 

TABLE  109. 


Nature  of  Room. 


Offices  with  desks 

R  e  a  d  i  n  g-r  o  o  m  s  with 

tables 

Stores  

Dance  halls 

Halls  and  lobbies 

Machine-shops 

Large  town  halls 

Churches 


Height. 


10  feet 


15  feet 
15  feet 
20  feet 
18  feet 
15  feet 

25  feet 
40  feet 


Number  of  Square  Feet 
per  16  C.  P.  Lamp. 


50,  also  localized  near 
desks. 

50,  also  localized  near 
tables. 

80. 

80. 
100. 

150    and     localized    at 
I      machines. 
120. 
200. 


Thus,  in  a  dance  hall  for  instance,  where  the  lights  are 
hung  20  feet  above  the  floor,  one  lamp  is  required  for  every 
80  square  feet  of  floor  surface. 
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EXAMPLES  FOR   PRACXICE. 

1.  It  is  required  to  light  a  dance  hall  150  feet  long  and  50  feet  wide 
with  Edison  16  candle-power  incandescent  lamps,  at  a  height  of  16  feet 
from  the  floor.  To  accomplish  this  purpose,  how  many  indicated 
horsepowers  must  be  supplied  by  the  engines  at  the  station  ?  The 
intensity  of  the  light  varies  inversely  as  the  square  of  the  distance 
from  the  source.  Ans.  6  I.  H.  P. 

Note. — ^When  the  results  are  in  lamps  or  other  indivisible  objects, 
any  decimal  part  will  be  considered  as  one. 

2.  A  test  was  made  upon  an  Edison  lamp  by  the  apparatus  shown 
in  Fig.  1315.  After  the  slide  was  adjusted,  it  stood  2  feet  from  the 
candle  and  8  feet  from  the  lamp.  The  voltmeter  read  110  volts  and 
the  ammeter  .7  ampere.  What  was  (a)  the  candle-power?  {d)  the 
resistance  of  the  lamp  when  hot  ?  (c)  the  number  of  lamps  that 
would  consume  one  electrical  H,  P.?  (d)  the  efficiency?  (e)  heat 
units  per  second  per  candle  in  calories  ?    {/)  watts  per  candle-power  ? 

(a)  16  c.  p. 

(d)  157.143  ohms. 

(c)   10  lamps. 

{d)  20. 77;^. 

{e)   1.157  calories. 
L(/)  4.8125  watts  per  c.  p. 


Ans. 


LINE- WIRES. 

3482.  Aerial  line-wires  for  incandescent  lights  are 
always  well  insulated  by  a  covering  of  the  best  material,  such 
as  rubber,  gutta-percha,  or  a  fibrous  covering  saturated  with 
an  insulating  compound.  They  are  fixed  upon  glass  insulators 
attached  to  poles  or  houses  in  a  manner  similar  to  telegraph- 
lines.  For  outside  use  the  rubber  insulation  is  usually 
covered  with  braid  or  tape,  and  this,  in  turn,  is  painted  with 
a  protective  compound,  or  three  thicknesses  of  fiber  satu- 
rated with  insulating  compound  may  be  used.  The  tie- 
wires  for  fastening  the  line  to  the  insulators  must  also  be 
of  insulated  wire  whether  in  buildings  or  outside. 

Prof.  A.  Jamieson  gives  the  following  formula  to  de- 
termine the  proper  insulation  resistance  for  an  electric-light 
installation: 

R  =  total  insulation  resistance  of  the  generator  or  of  the 
lamp  circuit  in  ohms; 
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£"  =  E.  M.  F.  of  dynamo  or  installation  in  volts; 

N  ■=■  number  of  16  candle-power  lamps  on  each  circuit  or 

on  the  whole  circuit. 

E 
i?  =  100,000-^.  (544.) 

Example. — The  E.  M.  F.  from  the  station  is  120  volts,  and  135  lamps 
are  in  circuit.     What  should  be  the  insulation  resistance  ? 

_  „      100,000  X  120      _-  -_-    .  . 

Solution. —    R  = ,.,.     —  =  88,888  ohms.     Ans. 

135 

This  formula  is  for  direct  currents  at  an  E.  M.  F.  not 
exceeding  200  volts.  For  alternating  currents  the  insulation 
resistance  must  be  double.  In  buildings  where  wires  are 
crossed  over  metallic  pipes  or  other  wires,  they  should  be  pro- 
tected by  an  extra  thickness  of  rubber  tubing;  and,  when 
run  through  walls,  they  should  pass  through  holes  lined  with 
insulating  tubes  of  porcelain  or  hard  fiber.  It  is  unusual  to 
pass  two  wires  through  the  same  hole ;  but,  where  this  is 
done,  they  should  both  be  protected  by  short  rubber  tubes. 
Wires  in  buildings  are  run  either  in  surface  moldings,  be- 
neath the  wall,  or  exposed  to  view  upon  small  porcelain  in- 
sulators. They  may  also  be  run  within  the  walls  in  conduits 
or  pipes  of  suitable  material,  provided  at  intervals  with  boxes 
for  making  connections  and  drawing  in  the  wire. 


TESTING. 

3483.  Incandescent  lines  should  be  tested  at  least  once 
each  day  for  insulation  resistance.  This  is  important,  as 
where  the  insulation  is  damaged,  an  arc  which  sets  fire  to 
the  wood  may  be  produced  between  the  lead  and  return 
wire,  and  where  the  insulation  is  subjected  to  moisture 
electrolytic  action  may  take  place.  This  action  is  due  to 
the  fact  that,  when  an  electric  current  passes  through  a 
copper  wire  immersed  in  water,  a  portion  of  the  copper  is 
carried  away  from  the  part  where  the  current  enters  and  is 
deposited  where  it  leaves  the  water.  Thus,  when  any  mois- 
ture is  admitted  by  the  insulation,  the  wire  is  gradually 
thinned  down  until  it  is  heated  by  the  passage  of  the 
J/.  /..    n  .—10 
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current.  Also,  it  may  be  entirely  eaten  away  so  as  to 
cause  an  arc. 

The  resistance  of  the  line  may  be  found  by  a  Wheatstone 
bridge  or  by  a  differential  galvanometer,  and  the  most  con- 
venient method  for  finding  the  insulation  resistance  is  by 
Weston's  instruments,  as  described  in  Art.  3343. 

Faults  and  crosses  are  located  by  the  same  methods  as 
described  in  the  section  on  Electric  Transmission. 


3484.     The   tests  for  the    resistances  of  the  line  and 
insulation  are  the  same  as  for  other  aerial  lines,  but  a  very 


convenient  method  is  given  by  Dr.  Maschke  for  locating  a 
fault.  In  Fig.  131G,  d  is  the  dynamo  or  installation,  i^  is  a 
Weston  voltmeter,  /,  /,  etc.,  are  lamps  in  series,  and  k  and  /(', 
are  two-way  switches,  k  connecting  binding-post  b  of  the 
voltmeter  either  with  point  a  of  the  circuit  or  with  the 
ground  at  r,  and  k^  connecting  binding-post  ;/  of  the  volt- 
meter either  with  point  e  of  the  circuit  or  with  the 
ground  at  j. 

The  fault  r  connects  with  the  ground  at^,  and^,  is  also  a 
ground.  The  circuit  contains  23  lamps,  each  taking  an 
E.  M.  F.  of  45   volts,  and  the  voltmeter  will  have  a  scale 
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ranging  from  0  to  about  1,500  volts.  Suppose  the  ground 
o^  to  be  between  the  ,f  lamp  and  the  x  -{-1.,  counting  from  a. 
First  take  a  reading  upon  the  voltmeter  when  post  l>  is 
connected  to  a  and  post  n  to  j  In  this  case  the.  reading  is 
taken  between  a  and  r,  as  w  is  connected  to  r  through  ^,^j, 
and  J'.  Let  R  be  the  resistance  of  the  voltmeter  and  A',  be 
the  resistance  of  the  fault.  Let  the  reading  of  the  voltme- 
ter be  V.     The  E.  M.  F.  between  a  and  r  is  45  X  -^  volts. 

z'  :  -io  X  X  ::  R  :  R  +  R^, 

as  the  readings  of  a  voltmeter  are  inversely  as  the  resistance 
between  its  points  of  connection. 

V  =  ^   ,    ,,   X  45.1-  volts.      (1) 
R-rRi 

Next  connect  post  ^  to  ^  and  post  ;/  to  r,  then  the  instru- 
ment is  connected  between  r  and  r  with  R^  in  series.  The 
E.  M.  F.  between  e  and  r  is  45  ("23  —  a)  volts.  Let  this  read- 
ing of  the  voltmeter  be  v^. 

Therefore,  dividing  (1)  by  ("'), -7;- 


•lA  — 


.V  =  -r.} 


or  let  iV  equal  number  of  lamps  in  series  circuit, 

A-  =  -y-TTTTTr'  (545.) 

From  ecuiation  (I)  almvc  we  have, 

R,  =  ~(c.r-r),  (546.) 

where  4*  equals  the  voltage  between  the  lamp  terminals. 

Example. — A  series  circuit  containing  2'.)  lamps  was  tested  to  Kx;ate 
a  ground.  The  reading  on  the  voltmeter  between  th<.-  j;r. umd  and  the 
minus  terminal  of  the  dynamo  was  260  volts.  The  reading  between 
the  plus  terminal  and  the  ground  was  !:<5  v<jlts,     Lam{»  each  took  45 
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volts,  (a)  Between  what  two  lamps  is  the  ground  ?  (i)  What  was  the 
resistance  of  the  ground,  the  resistance  of  the  voltmeter  being  145,000 
ohms  ? 

Solution. — (a)  Using  formula  545, 

_  260      _ 

•^-'^^260 +  85-^^- 

Therefore  the  ground  is  between  the  17th  and  18th  lamp.     Ans. 
(^)  Using  formula  546, 

i?,  =  liM^  (45  X  17  -  260)  =  281,634  ohms.     Ans. 
Jii  260     ^  ^ 

It  is  evident  that,  by  this  method,  a  [ground  may  be 
located  in  any  circuit  of  nearly  uniform  cross-section  of 
wire,  for  any  circuit  may  be  imagined  to  consist  of  one-volt 
lamps  in  series  equal  in  number  to  the  E.  M.  F.  of  the 
circuit.  Then  N,  in  formula  545,  corresponds  to  the 
E.  M.  F.  at  the  terminals  of  the  source  of  power,  and  ;tr 
corresponds  to  the  number  of  volts  to  the  fault.  The  resist- 
ance to  the  fault  is  found  by  dividing  the  total  resistance  of 
the  line  by  the  total  E.  M.  F.,  and  multiplying  by  x.  In 
the  derivation  of  formula  546  the  expression  45  x  Avill 
simply  be  ;r,  or  the  number  of  volts  to  the  fault. 


EXAMPLES  FOR   PRACTICE. 

1.  A  series  circuit  containing  50  lamps  was  tested  to  locate  a 
ground  by  Maschke's  method.  The  resistance  of  the  voltmeter  was 
150,000  ohms.  The  reading  between  the  ground  and  the  minus  ter- 
minal of  the  dynamo  was  1,250  volts.  The  lamps  were  designed  for 
55  volts  between  terminals.  The  reading  between  the  ground  and  the 
plus  terminal  was  846  volts,  (a)  Between  what  two  lamps  was  the 
ground  ?    (d)  What  was  the  resistance  of  the  fault  ? 

j  (a)  Between  the  29th  and  30th  lamp. 
I  (d)  Resistance  of  fault  =  41,400  ohms. 

2.  A  series  circuit  contained  39  lamps,  each  taking  40  volts.  A  test 
was  made  for  a  ground  with  a  voltmeter  of  155,000  ohms  resistance. 
The  reading  on  one  side  was  350  volts,  and  on  the  other  it  was  130  volts. 
(a)  Between  what  lamps  was  the  ground  ?  (fi)  What  was  the  resistance 
of  the  fault  ?  A       \  ^^^  Between  the  28th  and  29th. 

•  (  {d)  341,000  ohms. 
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SYSTEMS    Ol     DISTRIBUTION. 

3485.  The  two  principal  factors  in  every  system  of 
distribution  of  electric  energy  are  current  and  pressure, 
or,  as  they  are  technically  termed,  amperage  and  voltage. 

The  product  of  the  actual  volts  and  amperes  of  a  circuit 
represents  the  power  of  that  circuit  expressed  in  watts. 
This  product  is  often  termed  i^'attage. 

A  variation  of  either  of  these  factors,  voltage  or  amper- 
age, will  cause  a  variation  of  the  wattage;  that  is,  of  the 
power  of  the  circuit. 

Constant-Current  Circuits. — Ji  the  dynamo  furnish- 
ing power  to  a  line  be  so  designed  that  for  all  change  of  load 
the  current  it  sends  into  the  line  remains  practically  the 
same,  such  a  circuit  is  termed  a  constant-current  cir- 
cuit.    In  such  a  circuit  the  voltage  varies  with  the  load. 

3486.  Constant-Potential  Circuits. — If  the  dy- 
namo furnishing  power  to  the  line  be  so  designed  that  for 
all  changes  of  load  the  voltage  it  impresses  upon  the  line 
remains  practically  the  same,  such  a  circuit  is  termed  a 
constant-potential  circuit. 

3487.  Generators,  or  dynamos,  are  hence  designed 
according  to  the  needs  of  the  circuit  they  are  to  supply,  as 

{a)  Constant-Current  Generators. 
{b)  Constant-Potential  Generators. 

They  are  designed  for  either  continuous-current  or  alter- 
nating-current generation,  and  form  four  distinct  types,  as 
tabulated  in  Art.  3442. 

As  a  rule,  constant-current  generators  are  used  for  series 
arc  or  incandescent  lighting  only.  Occasionally,  specially 
designed  motors  are,  however,  run  on  such  circuits. 

Constant-potential  generators  are  used  to  supply  current 
to  incandescent  systems,  to  arc  systems,  and  to  power  cir- 
cuits, and  to  combinations  of  these,  so  that  the  load  of  a 
constant-potential  generator  may  at  times  consist  of  incan- 
descent lamps,  arc  lamps,  motors,  and  perhaps  heating 
devices. 
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SERIES    DISTRIBUTION. 
3488.     This  system  is  in  use  for  both  continuous  and 
alternating    currents,   and    represents    the  earliest    method 
adopted  in  electric-lighting  circuits.      Fig.  1317  shows  a  cir- 
cuit of  this  kind  wired  for  arc  lighting.     As  indicated  by  the 

arrows,  the  current  from 
the  generator  G  flows  suc- 
cessively t  h  r  o  VI  g  h  the 
lamps  /,  returning  from  the 
XI  last  lamp  to  the  negative 
terminal.  The  lamps  thus 
Fig.  1317.  form    one    continuous 

scries,  hence  the  name  series  circuit.  The  current  in  a  cir- 
cuit of  this  kind  is  practically  constant,  whatever  may  be  the 
number  of  lamps  burning.  The  voltage,  however,  varies  with 
the  number  of  lamps.  Arc  lamps  are  usually  adjusted  for 
45  volts,  and  the  total  voltage  of  a  series-arc  circuit  is  there- 
fore approximately  given  by  the  product  of  the  number  of 
lamps  and  45.  An  additional  allowance  must  of  course  be 
made  for  drop  in  conductors. 

Example. — In  Fig.  1317,  a  series-arc  circuit  is  represented  with  six 
2,000  candle-power  continuous-current  arc  lamps,  each  adjusted  for  45 
volts.  Allowing  75  volts  for  drop  in  the  circuit,  what  is  the  voltage  at 
the  generator  ? 

Solution. — Six  lamps  at  45  volts  =  270  volts. 
Drop  of  conductors  =    75  volts. 

Hence,  generator  E.  M.  F.  =:  845  volts.     Ans. 

The  current  through  such  a  circuit  being  a  constant  one, 
this  system  is  best  adapted  for  use  where  the  load  remains 
practically  constant.  This  being  the  case  in  street  illumina- 
tion, the  series  method  of  distribution  is  generally  used  by 
plants  installed  for  city  or  town  lighting.  Incandescent  as 
well  as  arc  lamps  can  be  economically  operated  on  a  series 
system  of  practically  constant  load. 

3-489.     Incandescent    lamps    for    series    circuits 

differ  mainly  from  those  used  on  constant-potential  circuits 
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in  the  construction  of  the  filament  which  must  be  made  to 
carry  the  heavier  current  of  the  series  circuit. 

Cut-Outs. — Since  the  extinction -'of  anyone  lamp  on  a 
series  circuit  would  extinguish  all  of  them  by  breaking  the 
circuit,  a  device  called  an  automatic  cut-out  is  attached 
to  each  lamp.  This  consists  of  an  electromagnetic  arrange- 
ment for  short-circuiting  the  lamp,  and  is  explained  in  the 
description  of  Fig.  1331. 

An  ingenious  method  of  shunting  burnt-out  series  lamps 
is  due  to  O.  B.  Shallenberger.  In  this  system  of  street 
lighting  each  of  a  series  of  incandescent  lamps  is  shunted  by 
a  reactive  coil  having  its  winding  so  proportioned  to  the 
mass  of  iron  in  its  core  that  upon  the  interruption  of  the 
current  through  any  lamp,  a  normal  current  is  allowed  to 
flow  through  the  corresponding  coil  to  the  remaining  lamps 
by  reason  of  the  consequent  high  magnetic  saturation  of  its 
core. 

3490.  The  general  outline  of  a  series  circuit  will 
form  an  irregular  polygon  of  many  sides  (see  Fig.  1317); 
therefore,  in  designing  a  circuit  of  this  kind,  care  should  be 
taken  to  make  the  distances  from  lamp  to  lamp  in  as  straight, 
that  is,  as  short,  a  line  as  possible,  otherwise  the  cost  of 
conductors  may  reach  too  high  a  figure. 

The  number. of  lamps  in  one  circuit  fed  by  a  single 
dynamo  varies  from  1  to  100,  and  the  resistance,  electro- 
motive force,  current,  candle-power,  and  methods  of  regula- 
tion differ  widely  in  the  various  systems. 

3491.  The  currents  of  arc  circuits  vary  from  H  to 

15  amperes  for  circuits  in  general  use,  as  follows: 

1,200  c.  p.  arc  lamps,  circuits  average  6.8  amperes. 
2,000  c.  p.  arc  lamps,  circuits  average  10  amperes. 
3,000  c.  p.  arc  lamps,  circuits  average    15  amperes. 

For  exceptionally  powerful  lights,  such  as  are  required  tor 
lighthouses  and  search-lights  on  steamers,  much  heavier 
currents  may  be  used. 
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CURRENT    REGUI.ATION. 

3492.  The  throwing  out  of  individual  lamps  on  a  series- 
arc  circuit,  and  the  shunting  of  the  main  current  around  the 
lamp  or  lamps  cut  out,  produces  a  decrease  in  the  resistance 
of  the  circuit.  The  immediate  result  of  this  decrease  of 
resistance  is  to  allow  more  current  to  flow  through  the 
circuit. 

Since  arc  lamps  on  a  series  circuit  are,  however,  designed 
for  constant  current,  this  increase  of  current  must  be  pre- 
vented. This  can  be  done  in  two  ways — either  by  inserting 
resistance  equivalent  to  that  which  has  been  cut  out,  or  by 
cutting  down  the  voltage. 

The  first  method  is  a  poor  one,  because  the  power  required 
to  overcome  the  inserted  resistance  is  the  same  as  is  required 
for  the  lamp;  hence,  darkness  is  being  paid  for  at  the  same 
rate  as  light. 

The  second  method  is  generally  used,  and  is  based  on  the 
principle  of  self-regulation  of  current. 

3493.  The  methods  used  to  regulate  the  E.  M.  F.  of 
closed-coil  armatures  are  as  follows:  (1)  Varying  the  speed, 
(2)  varying  the  strength  of  the  field,  and  (3)  shifting  the 
brushes. 

The  first  method  is  seldom  used,  though  in  special  cases 
it  is  very  convenient.  The  principle  of  this  method  is,  that 
with  a  simple  series-wound  dynamo,  if  the  external  resist- 
ance is  increased,  thus  decreasing  the  current  and 
E.  M.  P.,  the  speed  may  be  increased  until  the  E.  M.  F. 
rises  to  a  point  where  it  will  force  the  normal  current 
through  the  external  circuit;  if  this  adjustment  of  the  speed 
is  made  as  rapidly  as  the  external  resistance  changes,  the 
current  will  be  maintained  at  a  constant  value. 

3494.  The  second  method  has  been  described  in  Art. 
3206  in  connection  with  series-wound  dynamos.  It  is  evi- 
dent that  this  same  principle  may  be  applied  to  constant- 
current  machines,  so  as  to  properly  vary  the  E.  M.  F.  The 
range  of  this  method  of  regulation  is  quite  limited,  because 
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the  strength  of  the  field  can  not  be  economically  forced  be- 
yond the  point  where  the  iron  begins  to  be  saturated  (Art. 
3188),  and  if  it  is  much  reduced,  the  armature  reaction 
(which  is  constant,  since  the  current  is  constant)  will  cause 
the  neutral  point  to  considerably  alter  its  position. 

3495.  The  third  method  is  almost  universally  used  in 
this  type  of  machines.  From  what  has  been  said  in  Art. 
3103,  it  will  be  evident  that  the  greatest  difference  of  po- 
tential in  a  (bipolar)  closed-coil  armature   exists   between 

X 
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Fio.  1318. 

the  two  opposite  coils  which  are  in  the  neutral  spaces;  so, 
to  get  this  maximum  difference  of  potential  between  the 
brushes,  they  are  placed  on  the  opposite  commutator  seg- 
ments, which  are  connected  to  these  two  coils.  Now,  if  the 
brushes  are  shifted  from  this  position,  although  the  E.  M.  F. 
generated  in  the  armature  is  not  altered,  the  difference  of 
potential  between  the  brushes  is  reduced ;  for,  although  the 
circuit  through  the  armature  winding  is  still  divided  into 
two  parts  connected  in  parallel  between  the  brushes,  the 
separate  E.  M.  F.'s  of  all  the  coils  in  each  of  the  two  parts 
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are  not  all  in  the  same  direction.  This  may  be  more  plainly 
seen  by  examining  Fig.  1318;  the  current  divides  at  i\  one 
half  passing  through  the  turns  i,j\  k,  I,  etc.,  and  the  other 
through  hy  g,  f,  c,  etc.,  to  a\  where  it  again  unites.  The 
maximum  E.  M.  F.  that  is  obtained  from  the  coil  is  equal, 
therefore,  to  the  E.  M.  F.  generated  in  one-half  of  the 
coil. 

3496.  If  there  were  no  armature  reaction,  shifting  the 
brushes  to  a  point  half-way  around  the  commutator  from 
the  neutral  space  would  reduce  the  difference  of  potential 
between  them  to  zero,  and  in  positions  between  these  two 
the  difference  of  potential  would  be  proportional  to  the 
amount  of  shift.  Since  the  coils  short-circuited  by  the 
brushes  would  be  moving  in  strong  magnetic  fields,  there 
would  also  be  violent  sparking. 

There  is,  however,  a  very  considerable  armature  reaction 
in  dynamos  of  this  type,  which  is  so  proportioned  with  re- 
spect to  the  strength  of  the  field  that  it  has  two  effects. 
One  is  to  shift  the  neutral  point  so  that  the  difference  of 
potential  between  the  brushes  is  not  quite  proportional  to 
the  amount  of  shift;  but  this  is  of  little  importance  com- 
pared to  the  second  effect,  which  is  that  the  tendency  of  the 
current  in  the  armature  winding  to  form  consequent  poles 
at  the  points  where  the  current  enters  or  leaves  the  winding 
through  the  leads  to  the  commutator  dt-ctrnWy  forces  the  lilies 
of  force  of  tJie  field  azvay  from  the  armature  at  tliese  points, 
leaving  only  a  weak  field  to  influence  the  short-circuited 
coil.  By  proper  proportioning  of  the  armature  winding, 
this  results  in  little  or  no  sparking  at  the  brushes,  especially 
as  the  amount  of  current  in  a  constant-current  machine 
seldom  exceeds  10  amperes,  which  allows  of  the  use  of  such 
a  narrow  brush  that  the  time  during  which  a  coil  is  short- 
circuited  is  so  short  that  the  current  in  the  coil  does  not 
have  time  to  become  large  enough  to  cause  serious  spar- 
king. 

The  brushes  may  be  shifted  by  hand  to  get  the  desired 
regulation,  but  as  this  would  require  constant  attention,  it 
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is  usual  to  shift  the  brushes  automatically,  by  devices  on  or 
near  the  dynamos.  These  devices  are  usually  controlled 
about  as  follows:  Electromagnets  are  connected  in  the 
main  circuit,  and  are  so  adjusted  that  when  any  change  in 
the  external  resistance  causes  the  current  to  increase  or 
decrease  from  normal,  the  corresponding  movement  of  the 
magnet  keeper  mechanically  connects  the  rocker-arm  of  the 
dynamo  to  some  sort  of  driving  mechanism,  so  that  the 
brushes  are  properly  shifted.  When  they  reach  such  a  point 
that  the  current  is  again  at  its  normal  value,  the  electro- 
magnet (usually  called  the  controlling  magnet)  disconnects 
the  rocker-arm  from  the  driving  mechanism,  and  the  motion 
of  the  brushes  ceases  until  some  change  in  the  external 
circuit  calls  for  a  new  adjustment. 

Tbe  mechanical  parts  of  the  various  brush-shifting  de- 
vices are  quite  different  in  the  different  makes  of  constant- 
current  machines.  In  the  following  description  of  the  prin- 
cipal features  of  some  of  the  best  known  types  of  closed-coil, 
constant-current  machines,  the  types  of  regulating  devices 
used  will  be  taken  up  more  in  detail. 


W^OOD   REGULATOR. 

3497.  The  Wood  dynamos  have  bipolar,  consequent- 
pole,  series-wound  field-magnets  of  the  type  illustrated  in 
Fig.  1187,  but  placed  horizontally,  and  ring-wound  arma- 
tures of  quite  large  diameter. 

The  regulator  on  all  except  the  largest  size  of  this  dynamo 
is  such  as  is  shown  in  Fig.  1319  {a)  and  (^).  To  reduce  the 
sparking  to  a  minimum,  it  has  been  found  desirable  to  use 
two  positive  brushes  rt,  «,  located  a  litclc  distance  apart  on 
the  commutator,  and  two  negative  brushes  b,  b^  located 
opposite  the  positive  brushes.  The  brushes  are  mounted  on 
opposite  ends  of  the  rocker-arms  r  and  ;,,  so  that  simply 
shifting  these  two  effects  the  shifting  of  the  four  brushes. 
The  angle  between  the  rocker-arms  r  ;ind  r^  of  each  pair 
of  brushes  is  variable,  preservin.  between  the 
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bearing  ends  of  the  brushes  equal  to  about  3  commutator  seg- 
ments at  light  loads  (low  E.  M.  Fr),  and  about  double  this 
at  heavy  loads  (high  E.  M.  F.).  This  variation  in  distance 
is  accomplished  by  shifting  the  back  brushes  a^  and  b^  of 
each  pair  a  little  faster  than  the  front  brushes  a  and  b  are 
shifted,  so  that  the  back  brush  gradually  overtakes  the  front 
one,  lessening  the  distance  between  them,  in  shifting  from 
the  heavy-load  to  the  light-load  position. 

The  electromagnet  e  is  connected  in  series  with  the  arma- 
ture, field,  and  external  circuit,  and  furnishes  the  power 
for  regulating  the  current.  The  cores  r,  c  of  this  electro- 
magnet are  free  to  move  into  or  out  of  the  coils,  the  attrac- 
tion of  the  magnet  being  balanced  by  a  tension-spring  pro- 
vided with  an  adjustment  at  d.  The  lever  arm  in  is  raised 
by  the  electromagnet  when  the  current  increases,  and  is 
lowered  when  the  current  weakens.  A  small  gear  g  on  the 
end  of  the  shaft  continuously  drives  two  friction-rollers /",, 
y,  in  opposite  directions  by  means  of  the  gears  ^j,  g^.  The 
movement  of  the  lever  arm  in  presses  the  friction-wheeiy  by 
means  of  the  intermediate  links  «,  o  against  one  or  the  other 
of  the  friction-rollers,  thereby  turning  the  friction-wheel  in  a 
forward  or  backward  direction.  This  motion  is  then  com- 
municated by  means  of  gearing  to  the  rocker-arms,  produ- 
cing the  relative  movement  already  referred  to.  The  two 
positive  and  the  two  negative  brushes  are  connected  by 
short,  flexible  cables,  so  that  the  intervening  coils  on  the 
armature  are  short-circuited,  and  as  the  distance  between 
the  brushes  increases,  a  further  number  of  coils  will  be 
rendered  ineffective,  thereby  lowering  the  E.  M.  F.  of  the 
dynamo.  In  order  to  facilitate  adjustment,  the  brushes  are 
set  to  a  certain  length,  the  amount  of  their  projection  from 
the  holders  being  determined  by  means  of  a  gauge.  The 
regulator  is  fastened  to  one  of  the  yokes  j  of  the  field.  In 
the  larger  sizes  of  these  machines  the  friction-rollers  are 
driven  by  a  light  belt  from  a  small  pulley  on  the  end  of  the 
armature  shaft,  but  otherwise  operate  in  the  same  manner 
as  that  described.  These  regulators  are  simple  and  reliable 
in  action. 
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EXCBLSIOR   nVNAMO  REGULATOR. 

3498.  On  this  machine,  which  is  bipolar,  an  iron  arm 
projects  from  each  pole-piece,  forming  the  pole-pieces  for  a 
small  armature  which  is  operated  as  a  motor  to  shift  the 
brushes  of  the  machine.  This  small  armature  is  geared  to 
the  rocker-arm,  and  the  controlling  magnet  is  so  arranged 
that  if  the  current  in  the  machine  rises  above  the  normal^  a 
portion  of  the  current  is  shunted  through  the  armature  of 
this  small  motor,  Avhich  causes  it  to  turn  in  such  a  direction 
that  the  brushes  are  moved  away  from  the  neutral  point, 
thus  reducing  the  current. 

At  the  same  time  the  motion  of  the  rocker-arm  operates  a 
switch  which  cuts  out  some  of  the  turns  of  the  magnetizing 
coils,  thus  lowering  the  E.  M.  F.  of  the  armature.  It  will 
be  seen  that  this  method  of  regulating  the  difference  of 
potential  between  the  brushes  is  a  combination  of  the 
methods  described  in  Arts.  3494  and  3495. 

If  the  current  is  decreased  below  the  normal  strength,  the 
controlling  magnet  reverses  the  current  in  the  armature  of 
the  small  motor,  so  that  it  runs  in  the  opposite  direction 
and  shifts  the  brushes  towards  the  neutral  point,  at  the 
same  time  cutting  in  some  of  the  turns  of  the  magnetizing 
coils,  all  of  which  brings  the  current  back  to  its  normal 
strength. 

BALL,  DYNAMO   REGULATOR. 

3499.  The  Ball  dynamo  is  of  very  peculiar  construc- 
tion, and  but  little  used.  The  regulator  is,  however,  of  a 
distinct  type,  and  is  therefore  worth  mentioning.  In  the 
larger  machines  the  regulation  is  obtained  by  automatically 
shifting  the  brushes,  the  field-magnets  of  the  machine 
itself  acting  as  the  controlling  magnet,  and  also  furnishing 
the  necessary  power.  A  circular  opening  is  made  in  the 
magnetic  yoke  (on  each  end  of  the  machine)  of  such  size 
that  the  area  of  the  magnetic  circuit  at  that  point  is  much 
reduced,  which  causes  a  leakage  of  the  lines  of  force  across 
the  opening.  Two  iron  segments  are  supported  on  a  non- 
magnetic hub  in  this  opening;  now,  if  these  iron  pieces  were 
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free  to  move,  they  would  take  up  such  a  position  in  the 
opening  as  to  make  up  as  much  as  possible  for  the  reduction 
in  the  area  of  the  magnetic  circuit,  and  allow  the  lines  of 
force  to  pass  directly  through  them.  They  are  free  to 
rotate  about  the  hub  to  which  they  are  attached,  which 
revolves  on  ball  bearings,  but  are  prevented  from  taking  up 
their  natural  position  by  a  counterweight,  which  deflects 
them  more  or  less,  according  to  the  strength  of  the  field  of 
the  machine. 

The  brush-holder  studs  are  connected  directly  to  this 
movable  part  of  the  magnetic  yoke,  so  that  when  the 
strength  of  the  field  increases,  due  to  an  increase  in  the 
current  above  the  normal  strength,'  this  movable  part  is 
pulled  around  against  the  opposition  of  its  counterweight 
until  the  brushes  are  shifted  to  the  point  where  the  current 
again  becomes  of  normal  strength. 


BRUSH   REGLLATOR. 

3500.  The  regulation  of  the  Brush  machines  is  nearly 
automatic  ;  that  is,  a  machine  will  give  nearly  a  constant 
current  without  any  regulation  whatever.  This  is  due  to 
the  fact  that  the  armature  reaction  increases  so  much  with 
any  increase  in  the  current  that  the  line  of  maximum  action 
is  shifted  farther  ahead,  which  changes  the  relations  of  the 
various  coils  at  the  time  when  they  are  connected  with,  or 
disconnected  from,  each  other  or  the  external  circuit. 

This  regulation  is,  however,  not  close  enough  for  com- 
mercial working,  so,  in  addition,  a  resistance  is  placed  in 
shunt  to  the  magnetizing  coils,  which  is  varied  by  a  con- 
trolling magnet  in  the  main  circuit,  thus  making  the  regula- 
tion very  exact.     (See  Art.  3207,  and  Fig.  1195.) 

This  resistance  consists  of  a  series  of  blocks  of  carbon — a 
material  wlildi  1i.-i>^  the  property  of  lessening  its  resistance 
if  subject  WW      \\\  this  ca^t-  tlu-  pressure   is  ob- 

tained by  the  pull  uf  the  controlling  magnet  on  its  keeper, 
which  forms  the  end  of  a  lever  that  presses  upon  the  carbon 
blocks.     If  the  current  in  the  external  circuit  increases,  due 
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to  a  lessening  of  the  external  resistance,  the  controlling 
magnet  pulls  on  its  keeper  with  greater  force,  thus  increas- 
ing the  pressure  on  the  carbons,  decreasing  their  resistance, 
and  weakening  the  strength  of  the  field-magnets,  which  re- 
duces the  E.M.F,  of  the  armature  coils  until  the  current  is 
again  at  its  normal  strength. 

The  shifting  of  the  point  of  maximum  action,  due  to  the 
weakening  of  the  field  at  ligTit  loads,  causes  a  certain 
amount  of  sparking,  which  is  remedied  by  slightly  shifting 
the  brushes.  In  the  multipolar  machines  this  shifting  is 
performed  automatically  by  mechanism  driven  by  a  belt 
from  a  small  pulley  on  the  end  of  the  armature  shaft  and 
controlled  by  the  controlling  magnet,  as  in  the  closed-coil 
dynamos  described. 

REGULATION  OF  WESTIIVGHOUSE  DYNAMO. 

3501.  The  regulation  of  this  machine  is  entirely  auto- 
matic. The  field-magnets  are  separately  excited,  the 
current  being  furnished  by  a  separate  constant-potential 
dynamo,  which  gives  a  constant  magnetizing  force;  but  the 
strength  and  distribution  of  the  resulting  field  are  depend- 
ent on  the  armature  reaction,  which  is  so  proportioned 
that  any  excess  of  current  over  the  normal  so  reduces  and 
distorts  the  field  that  the  E.  M,  F.  generated  in  a  winding 
during  the  time  that  it  is  connected  to  the  brushes  is  reduced 
until  the  current  is  again  at  its  normal  strength. 


THOMSON-HOUSTON   REGULATOR. 

3502.  The  regulation  of  the  Thomson-Houston  arc 
machine,  built  by  the  General  Electric  Co.,  is  effected  by 
varying  the  distance  between  the  two  brushes  of  each  set 
(Art.  3086),  the  primary  brush  being  moved  back,  and 
the  secondary  ahead.  This  movement  of  the  brushes  de- 
creases the  distance  between  the  primary  brush  of  one  set 
and  the  secondary  of  the  other. 

This  shifting  of  the  brushes  is  done  automatically  by  the 
following  apparatus:     The  primary  and  secondary  brushes 
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are  mounted  on  separate  rocker-arms,  which  are  connected 
together  by  a  system  of  levers,  so  that  when  the  primary 
brushes  are  shifted  back,  the  secondary  are  moved  ahead. 
The  amount  of  movement  of  the  secondary  brushes  is  very 
little,  being  for  the  purpose  of  following  the  line  of  maxi- 
mum action,  which  moves  ahead  slightly  at  light  loads  (low 
E.  M.  F.).  A  large  magnet  R,  Fig.  1320,  attached  to  the 
frame  of  the  machine,  has  attached  to  its  keeper  k  a  lever, 
which  is  connected  to  the  rocker-arm  that  carries  the  pri- 
mary brushes  in  such  a  manner  that  when  the  keeper  of  the 
magnet  is  pulled  up,  the  primary  brushes  are  shifted  back 
and  the  secondary  ahead,  thus  reducing  the  effective  differ- 
ence of  potential  between  the  brushes,  as  explained.  The 
current  for  operating  this  regulating  magnet  is  supplied  by 
the  main  current,  but  it  is  not  continually  in  circuit,  being 
cut  in  or  out,  as  occasion  requires,  by  a  controlling  magnet, 
which  is  placed  on  the  wall  of  the  room  at  some  conve- 
nient place. 

3503.  Fig.  1320  is  a  diagram  of  the  connections  used  in 
this  apparatus.  The  coils  of  the  controlling  magnet,  which 
are  stationary,  are  represented  at  r,  c,  and  d,  d  represent 
the  cores  of  this  magnet,  which  are  movable.  Their  weight 
is  partly  counterbalanced  by  the  spring  s,  the  tension  of 
which  is  adjusted  by  means  of  the  nuts  at  ii.  Attached  to 
these  cores  is  a  contact  point,  which  touches  a  stationary 
contact  piece  at  e.  The  connections  being  as  represented, 
-f-  being  the  positive  terminal  of  the  dynamo,  it  is  evident 
that  when  the  two  contact  points  at  e  are  touching,  the 
regulating  magnet  R  is  short-circuited,  the  current  flowing 
from  -j-  to  rt,  thence  to  ^,  thence  through  the  contact  points 
at  e  to  /,  thence  through  coils  r,  c  to  g,  and  out  to  the  line 
and  to  the  lamps  /.  Now,  if  this  current  exceeds  a  certain 
strength,  the  pull  of  the  coils  c,  c  on  the  cores  d^  d  becomes 
sufficient  to  raise  them,  breaking  the  contact  at  e.  This 
forces  the  current  around  from  a  through  the  regulating 
magnet  A'  to  /,  thence  to  g^  where  it  passes  out  to  the  line, 
as  before;  the  regulating  magnet  then  pulls  up  its  keeper 
w.  /;.    i\ .  -11 
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k,  which  in  moving  shifts  the  brushes  and  reduces  the  cur- 
rent as  described. 

When  the  current  is  reduced  to  its  normal  value  the  cores 
of  the  controlling  magnet  descend,  contact  is  made  at  c, 
which  short-circuits  the  regulating  magnet,  and  allows  its 
keeper  to  drop ;  this  shifts  the  brushes  again  so  as  to  increase 

f~ 
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Fig.  1330. 

the  current.  This  action  is  kept  up,  so  that  the  cores  ot  the 
controlling  magnet  and  the  brushes  of  the  machine  are  con- 
tinually in  slight  motion.  In  order  to  prevent  the  self-induc- 
tion of  the  regulating  magnet  from  causing  a  serious  spark 
at  e  when  the  contact  is  broken,  a  shunt  of  high  resistance 
is  permanently  connected  around  the  break  at  ^,  as  repre- 
sented at  r.  This  self-induction  is  produced  in  the  regula- 
ting magnet  R  whenever  the  circuit  is  opened  at  e,  for  this 
suddenly  diverts  the  main  current  through  the  regulating 
magnet,  whose  momentary  self-induction  opposes  the  cur 
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rent,  forcing  it  along  by  way  of  a,  b,  and  the  resistance  r  to 
the  line.  If  the  resistance  were  not  there  the  current  would 
cross  the  air-gap  at  e,  making  a  destructive  spark. 

The  space  between  the  ends  of  the  commutator  segments 
being  small,  some  device  is  necessary  to  prevent  the  spark 
which  occurs  when  a  segment  passes  from  under  one  of  the 
secondary  brushes  from  continuing  to  pass  from  segment  to 
segment,  for  that  would  permanently  short-circuit  the  ma- 
chine. This  device  consists  of  a  small  rotary  blower,  which 
is  situated  between  the  commutator  and  the  bearing.  This 
blower  is  so  arranged  as  to  deliv'er  a  puff  of  air  right  at 
the  end  of  the  secondary  brushes,  at  the  moment  that  the 
spark  occurs,  so  that  it  is  immediately  broken  and  does  no 
damage. 

The  adjustment  of  the  commutator,  brushes,  air-blast, 
etc.,  of  this  machine  requires  considerable  attention,  in 
order  that  the  machine  should  run  well.  The  manufac- 
turers supply  printed  matter  with  each  machine,  giving  full 
particulars  of  these  operations,  hence  they  need  not  be  taken 
up  here. 

ALTEHXATIXG   CURRENT   SERIES  DISTRIBUTION. 

3504.  Arc  Lighting. — Systems  of  this  kind  are  not 
in  very  extended  use.  Those  installed,  however,  particu- 
larly in  this  country,  are  giving  very  good  results.  A  typi- 
cal system  of  this  kind  is  the  Westinghouse  system.  It 
consists  in  operating  a  constant-current  alternator  on  a 
main  circuit  which  passes  through  transformers  suitable  for 
the  number  of  lamps  to  be  operated  at  any  one  point. 
Dynamos  of  this  kind  have  been  built  for  250  lamps  of 
2,000  nominal  candle-power  each.  The  principle  of  trans- 
formation of  current  makes  it  possible  to  build  dynamos 
of  large  capacity  without  introducing  dangerously  high 
potential  in  the  wires  to  which  the  lamps  are  directly  con- 
nected. 

This  is  attained  in  the  following  way:  In  general,  trans- 
formers for  lighting  circuits  are  so  constructed  that  the 
ratio  of  transformation  is  usually  about  20  to  1 ;  that  is  to 
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say,  a  primary  voltage  of  perhaps  2,000,  and  a  secondary 
of  100.  But  in  this  system  the  transformers  have  low 
ratios  of  transformation,  such  as  3  to  1,  or  even  1  to  1.  The 
latter  ratio  means  that  both  the  primary  and  secondary 
windings  are  alike.  This  being  the  case,  and  the  trans- 
formers being  connected  in  series,  it  is  clear  that  the  sec- 
ondary E.  M.  F.  of  such  a  transformer  will  be  almost  exactly 
equal  to  that  of  the  primary.  The  voltage  at  the  secondary, 
however,  is  a  comparatively  low  one  compared  to  the  voltage 
of  the  entire  line;  and  since  only  the  low-tension  wires  are 
carried  into  the  residences  of  consumers,  the  danger  to  life 
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Fig.  1321. 


from  the  high-tension  mains  is  almost  eliminated.  The  only 
point  which  must  be  carefully  guarded  against,  and  which 
is  well  taken  care  of  in  the  construction,  is  the  insulation 
between  primaries  and  secondaries  of  the  transformers.  A 
connection  here,  due  to  faulty  insulation,  would  bring  the 
E,  M.  F.  of  the  high-tension  line  upon  the  premises.  Fig. 
1321  illustrates  this  system. 

In  the  figure,  the  system  as  applied  to  house  lighting  is 
shown,  where  all  lamps  /  are  connected  to  the  secondaries  of 
transformers  T.  It  is,  of  course,  possible  to  connect  the 
lamps  directly  in  the  main  circuit  without  the  use  of  trans- 
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formers,  and  this  is  often  done  in  street  lighting,  where  the 
risk  attached  to  the  high-tension  mains  may  be  assumed. 

3505.  A  combination  house  and  street  system  is  shown 
in  Fig.  1322,  as  are  also  transformers  7",  of  ratio  3  to  1, 
designed  for  three  lamps  on  the  secondaries. 


Fig.  1322. 


The  arc  lamps  for  interior  illumination  are  indicated  by 
the  letters  /;  those  for  street  lighting  by  L. 

The  regulation  of  this  system  is  performed  automatically 
by  the  dynamo,  which  is  so  designed  that  for  any  overload 
the  magnetization  of  its  armature  almost  neutralizes  the 
magnetization  of  its  fields,  thereby  reducing  the  E.  M.  F. 
and,  hence,  the  current,  to  a  minimum. 

The  mechanism  of  the  lamps  employed  in  connection  with 
this  system  is  very  simple,  and  consists  of  a  rack  movement 
which  is  regulated  by  a  solenoid  in  the  mar'n  circuit  and  by 
another  of  high  resistance  in  shunt  to  the  arc.  Both  of 
these  solenoids  are  provided  with  cores  built  up  of  bundles 
of  fine  wires,  so  as  to  avoid  heating  and  to  increase  their 
sensitiveness.  A  small  reflector  is  placed  around  the  upper 
carbon  to  throw  the  rays  from  the  lower  carbon  center  in  a 
useful  direction. 
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SUSPENSION   OF  ARC   LAMPS. 

3506.     For  street  lighting,  arc  lamps  are  usually  sus- 
pended at  the  end  of  a  truss  or  support  extending  from  the 


W 


ll! 


Fig.  1323. 


top  of  the  pole  out  over  the  middle  of 
the  road.  For  the  purpose  of  cleaning 
or  of  changing  the  carbons  they  may  be 
drawn  back  and  forth  between  the  pole 
and  the  end  of  the  truss  by  means  of 
pulleys  or  other  apparatus.  It  is  not 
safe,  however,  to  suspend  the  lamp  by 
cords  unless  some  special  device  is  used 
to  relieve  the  stress,  as,  on  account  of 
the  wear  upon  these  cords,  the  lamp  is 
liable  to  drop.  A  good  form  of  cross 
suspension  to  which  the  lamp  may  be 
firmly  fixed  is  shown  in  Fig.  1323,  where 
/  is  the  lamp,  /  is  a  truss,  which  is  pivoted  at  /  on  the  top 
of  the  pole,  and  w  is  a  ball  of  such  weight  that  the  lamp  is 
nearly  balanced.  Above  the  truss  is  shown  a  top  view. 
When  the  rope  r  is  untied,  the  lamp  will  descend  slowly  to 
the  pole,  so  that  it  is  within  easy  reach  from  a  ladder. 

Other  forms  are  usually  rigid  trusses  that  are  fastened  to 
the  top  of  the  pole,  and  from  the  extremity  of  which  the 
lamp  is  brought  within  reach  by  means  of  a  pulley  and  tackle. 
It  is  better  to  have  the  lamp  suspended  somewhat  higher 
than  the  pole,  since,  when  this  is  done,  the  shadow  cast  by 
the  pole  is  much  lessened. 
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PARALLEL  DISTRIBUTION. 

3507.  The  multiple-arc  system,  also  called  the 
multiple  system,  or  parallel  system,  will  be  readily 
understood  from  Fig.  1324. 

In  this  system,  which  is 
supplied  with  a  current  of 
constant  potential,  any 
number  of  lamps  /  may  be  fig.  isai. 

switched  in  or  out  without  interfering  with  the  rest  of  the  cir- 
cuit. This  system  is  particularly  adapted  to  the  incandescent 
lamp  (though  special  arc  lamps  are  also  used,  as  explained  fur- 
ther on),  and  almost  all  residences,  stores,  offices,  and  build- 
ings generally,  are  wired  on  the  parallel  system.  This  state- 
ment holds  good  for  the  alternating  as  well  as  for  the  continu- 
ous-current system ;  for,  when  the  alternating  current  is  used, 
the  wiring  of  the  building  itself,  which  follows  after  the  trans- 
formation from  a  higher  to  a  lower  potential  has  taken  place, 
is  identical  with  that  used  for  the  continuous  current. 

In  this  system  each  lamp  is  entirely  independent  of  all  the 
others,  and  its  burning  out  does  not  affect  the  brightness  of 
the  rest.  The  lamps  used  in  this  system  must,  however,  all 
be  built  for  the  same  voltage;  i.e.,  if  the  system  be  a  110- 
volt  system,  all  must  be  110- volt  lamps;  if  the  system  be  a 
55-volt  system,  all  must  be  55-volt  lamps.  The  reason  for 
this  is  that  the  generator  supplying  this  circuit  is  so  con- 
structed that  it  automatically  holds  the  voltage  at  a  constant 
value,  no  matter  how  many  lamps  are  burning,  and  even 
when  not  one  is  burning;  the  current,  however,  changes  for 
every  change  of  load. 

3508.  Drop  of  Potential. — As  explained  in  Art. 
3303  and  following,  every  electrical  circuit  suffers  a  drop 
of  potential,  which  is  greater  in  proportion  to  the  current 
transmitted  and  to  the  resistance  of  the  circuit.  Due  to  this 
fact  it  is  clear  that  in  the  circuit  shown  in  Fig.  1324,  the 
lamp  farthest  from  the  generator  will  receive  a  less  voltage 
than  a  lamp  which  is  close  to  the  generator  terminals,  and 
incandescent  circuits  being  at  times  very  long,  it  is  evident 
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that  this  difference  might  become  so  great  that  the  illumi- 
nation at  the  far  points  of  the  line  would  be  poor.  When 
this  occurs,  the  lamps  at  the  end  of  the  line  will  not  burn 
at  their  rated  candle-power.  If  by  special  means  the  gen- 
erator E.  M.  F.  be  raised  so  that  the  farthest  end  of  the 
line  receives  the  full  required  voltage,  then  the  lamps  near- 
est the  generator  will  be  receiving  too  high  a  voltage,  and 
thus  their  life  may  be  considerably  impaired.  Both  of  these 
cases  would  be  considered  poor  service,  and  would  be  found 
unsatisfactory. 

To  overcome  this  difficulty,  several  methods  have  been 
devised,  which  are  all  based  on  the  simple  parallel  system, 
but  which  make  it  possible  to  give  the  lamps  at  the  farthest 
end  of  the  line  nearly  the  same  voltage  as  lamps  near  the 
terminals;  in  short,  to  give  to  every  lamp  very  nearly  the 
same  voltage.  It  is  clear  that  this  can  only  be  accom- 
plished by  arranging  the  conductors  so  that  the  resistance 
of  the  circuit  from  the  dynamo  to  any  lamp  shall  have  a 
constant  value  and  shall  be  equal  to  the  resistance  through 
any  other  lamp. 

In  the  so-called  loop  system,  as  shown  in  Fig.  1325,  this 
is  accomplished  by  running  the   conducting   lead  a  a  the 

entire  length  of  the  cir- 
cuit and  utilizing  its 
returning  side  only  for 
connection  to  lamps. 
*  A  study  of  the  diagram 
will  show  that  the 
length  of  wire  which  the  current  must  traverse  to  go 
through  any  one  lamp  from  the  -|-  pole  to  the  —  pole  is 
the  same  for  all  lamps.  Comparing  any  two  lamps  of  the 
circuit  in  the  figure,  say  the  first  and  the  fifth  lamp,  the 
path  of  the  current  is  as  follows: 
First  Lamp — • 

-j-  pole  to  1  to  2  to  6  to  3  to  4  to  the  —  pole. 

Fifth  Lamp — 

^ » ^ 

-J-  pole  to  1  to  5  to  6  to  3  to  4  to  the  —  pole. 


G 

X 

—a 

\ 
a      — ►                       — ►      3 

l\\\l\ 

+  6 

1                            5 

Fig.  1325. 
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Fig.  1326. 


The  paths  are  the  same  except  within  the  bracketed  por- 
tions.    Of   these  two  bracketed   portions,  1  to  2  and  5  to  6 

are  evidently  also  alike,  so  that  they  differ  only  in  the  two 
portions  2  to  G  and  1  to  5,  and  by  examining  the  figure  it 
will  be  seen  that  these  are  also  alike;  hence,  both  paths  are 
of  the  same  length.  Consequently,  the  voltage  of  any  lamp 
on  the  circuit  is  not  affected  by  its  nearness  to  or  remoteness 
from  the  generating  station. 

3509.  The  spiral  loop,  a  variation,  is,  however,  sub- 
stantially the  same  as  the 
simple  loop.  It  is  shown 
in  Fig.  132G,  from  which  it  f^ 
will  be  seen  that  both 
spirals,  the  -\-  as  well  as 
the  — ,  extend  completely 
around  the  system,  and 
that  here  again,  as  in  Fig. 
1325,  the  path  which  the 
current  must  traverse  to  light  up  any  one  lamp  is  the  same 
for  all  lamps. 

35  lO.     Disadvantage  of  the  Loop  Systems. — The 

object  of  the  loop  system  is  to  obtain  a  constant  pressure 
by  making  the  length,  that  is,  the  resistance  of  the  path  of 
the  current,  the  same  for  all  lamps.  If  the  pressure  were 
dependent  only  on  the  resistance,  constant  pressure  would 
be  obtained  by  this  system;  but  the  drop  of  the  circuit  is 
also  proportional  to  the  amount  of  current  flowing,  and, 
since  this  is  subject  to  great  variation,  the  loop  system  will 
not  at  all  times  give  a  constant  potential  in  the  circuit. 

3511.  The  Tree  System. — This  system,  illustrated 
in  Fig.  1327,  and  in  extended  use  in  house  wiring,  is  a  less 
advantageous  arrangement  than  the  loop  circuit,  for  the 
paths  of  the  current  are  of  different  lengths  for  the  various 
lamps;  hence,  they  must  suffer  changes  of  pressure,  and, 
consequently,  variations  of  voltage  occur  from  both  causes 
—change  of  resistance  and  change  of  current. 
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The  name  tree  system  has  been  given  this  arrangement 
from  its  likeness  to  a  tree,  there  being  a  main  trunk  line  with 
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Fig.  1327. 

subdivisions  carried  off  from  it,  like  branches  from  a  tree 
trunk.  From  these  branches,  smaller  ones  are  again 
carried  off,  etc. 

3512.     The  Closet  System. — This  is  another  system 

^  very  extensively  used  in 
house  wiring,  and  at- 
tains very  nearly  the 
same  results  as  the  loop 
system;  that  is,  it  gives 
the  currents  required  for 
the  various  lamps  very 
nearly  the  same  length 
(same  resistance  of  path), 
_  thereby  making  the  pres- 
FiG.  1328.  g^j-g   q£  ^Yie  circuit   sub- 

ject only  to  variations  of  load,  and  causing  a/l  lamps  to  burn 
with  equal  brilliancy. 

This  system  will  be  clearly  understood  by  reference  to 
Fig.  1328,  which  forms  one  group  of  lamps  to  which  two 
main  wires  are  connected. 

Very  nearly  the  same  result  is  obtained  here  as  in  the 
loop  system,  as  far  as  the  path  of  the  current  is  concerned, 
for  any  lamp.     Comparing  any  two  lamps  of  the  circuit  in 
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Fig.  1328,  say  lamps  a  and  d,  the  path  of  the  current  is  as 

follows: 


For  lamp  a,   -\-  pole  to  1  to  2  to  C  to  3  to  4  to  —  pole. 


For  lajnp  d,  ■\-  pole  to  1  to  5  to  6  to  3  to  4  to  —  pole. 


With  the  same  reasoning  as  in  Art.  3508,  we  find  the 
paths  differ  only  in  the  portions  1  to  5  and  2  to  G. 

These  are,  however,  slightly  different  in  the  figure,  because 
the  circles  have,  for  clearer  illustration,  been  chosen  with 
diameters  of  great  difference.  It  is  evident  that  these 
circles  can  be  made  practically  of  the  same  size,  whereupon 
the  portions  2  to  6  and  1  to  5  will  be  of  practically  the  same 
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length.  Consequently,  as  in  Art.  3508,  the  voltage  for 
any  lamp  is  independent  of  its  distance  from  the  generator. 
If,  then,  the  entire  wiring  plan  of  an  installation  is  laid  out 
in  a  collection  of  groups  of  the  kind  shown  in  Fig.  1328,  and 
the  various  leads  from  these  groups  brought  together  into  a 
"closet,"  as  shown  in  Fig.  1329,  the  arrangement  generally 
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used  in  wiring  buildings,  which  is  termed  the  closet  system, 

is  obtained. 

From  Fig.  1329  it  will  be  seen  that  the  main  current  is 
brought  to  the  positive  and  negative  closets  C  and  C,  and 
from  there  distributed  to  the  various  groups  G,  all  of  which 
are  wired  approximately  the  same  distance  from  the  closets. 
Thus,  the  same  potential  is  obtained  for  the  various  groups 
as  far  as  length,  that  is,  resistance  of  path,  is  concerned.  Of 
course,  the  fluctuations  in  pressure,  due  to  changes  of  load, 
also  occur  here,  as  in  the  other  systems  described. 

3513.  Multiple-Series  System. — As  shown  in  Art. 
3315,  the  economy  of  using  high-pressure  currents  is  very 
great,  and,  therefore,  many  attempts  have  been  made  to  in- 
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crease  the  working  pressure  of  incandescent-lighting  cir- 
cuits, but  with  indifferent  success,  because  the  manufacture 
of  a  high-pressure  voltage  incandescent  lamp  has  not  proved 
practicable.  By  increasing  the  pressure  more  energy  could 
be  delivered,  or  a  greater  distance  reached,  without  increas- 
ing the  losses  of  the  circuit. 

A  partial  solution  of  this  problem  is  reached  in  the  mul- 
tiple-series system,  which,  as  Fig.  1330  shows,  is  a  simple 
parallel  system,  in  which,  however,  two  or  more  lamps  are  ar- 
ranged in  series  groups  in  each  case,  and  these  groups  are  con- 
nected in  parallel  between  the  conductors  a  b  and  c  f.     Mani- 
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festly,  when  one  lamp  is  burned  out,  all  the  other  lamps  in  that 
group  will  also  cease  to  glow.  To  obviate  this  difficulty,  auto- 
matic devices  which  close  the  circuit  across  the  lamps  have 
been  used,  but  have  not  given  complete  satis- 
faction. A  diagram  of  one  of  these  devices  is 
shown  in  Fig.  1331.  The  lamp  is  at  /;  ;;/  is  an 
electromagnet  in  series  with  the  lamp,  and  a 
is  a  lever  carrying  an  armature,  which  is  at- 
tracted by  the  electromagnet.  When  the 
current  flows  through  the  lamp,  the  electro- 
magnet is  magnetized,  and  the  lever  a  is  held 
up  tightly  against  its  stop  e.  When,  however, 
the  lamp  is  burned  out  or  the  filament  is  de-  .-^n 
stroyed  from  any  cause,  the  magnet  releases  y 
its  armature,  which  is  pulled  back  by  the  ^ 
spring  s  against  contact/".  The  circuit  is  thus 
closed  around  b  f  a  d. 

The  multiple-series  system  is  usually  fed  by  a  dynamo 
generating  about  a  220-volt  current,  so  that  two  110- volt  or 
four  55-volt  lamps  must  be  placed  in  each  series  across  the 
mains.  The  great  objection  to  this  system  is,  of  course,  the 
fact  that  when  one  lamp  of  a  series  burns  out,  all  other 
lamps  on  that  series  are  also  extinguished,  such  devices  as 
that  shown  in  Fig.  1331  not  proving,  as  above  stated,  very 
satisfactory.  This  system,  however,  on  account  of  its 
adaptability  to  lamps  of  different  voltages  and  candle- 
powers,  is  occasionally  used  to  light  stores  and  large  buildings. 


Fig.  1331. 


3514.  The  Three-Wire  System. — A  system  which 
gives  the  most  practical  solution  of  wiring,  and  which  makes 
it  possible  to  economically  light  great  areas,  and  yet  offers 
very  good  means  of  regulating  for  constant  pressure,  is  the 
system  first  introduced  by  Edison,  and  hence  called  the 
Edison  three-wire  system. 

From  Fig.  1332,  which  illustrates  this  system,  it  will  be 
seen  that  two  dynamos  are  employed,  connected  in  series 
with  each  other  and  having  a  third  wire  c  h  carried  out  to 
the  line  where  they  are  connected  together.     In  connecting 
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the  two  dynamos  in  series,  the  resultant  voltage  will,  of 
course,  be  twice  that  of  one  dynamo;  and,  consequently,  the 
difference  of  potential  between  the  mains  a  b  and  c  f  vs, 
twice  that  of  either  one  of  the  dynamos  taken  separately. 
If,  therefore,  the  lead  e  h  is  carried  out  from  the  junction  of 
the   two  dynamos,  it  is  evident  that  the  voltage  measured 

O 

o 


9     9     y 


6     0 


Fig.  1332. 


between  a  b  ox  r^and  this  lead  c  h  is  equal  to  that  of  one 
dynamo. 

Therefore,  if  each  dynamo  generates  an  E.  M.  F.  of  110 
volts,  standard  lamps  of  this  voltage  can  be  connected  across 
the  mains  a  b  to  e  h  and  c  f  to  e  h.  But  since  the  difference 
of  potential  between  a  b  and  c  f\^  220  volts,  all  the  advan- 
tages of  the  economy  of  higher  potential  distribution  are  ob- 
tained without  the  disadvantages  of  the  multiple-series  sys- 
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tern  (Art.  3513),  where  all  lamps  of  any  one  series  were 
extinguished  when  one  of  the  series  was  burned  out. 

3515.  The  neutral  wire  is  the  term  given  the  lead 
brought  out  from  the  junction  of  the  two  machines,  because 
when  the  two  branches  are  equally  loaded,  no  current  flows 
in  this  wire.  A  study  of  Fig.  1332  will  show  that  the  cur- 
rent in  the  neutral  wire  at  any  time  will  be  exactly  equal  to 
the  difference  between  the  current  used  on  the  two  sides 
of  the  circuit. 

Example. — Suppose  a  three-wire  system,  as  shown  in  Fig.  1332,  to 
be  loaded  with  100  lamps,  each  taking  1  ampere,  80  of  these  lamps  being 
on  one  side  of  the  circuit  and  20  on  the  other.  What  is  the  current  in 
the  neutral  wire,  no  losses  being  considered  ? 

Solution. — It  is  evident  that  one  side  of  the  system  needs  more 
current  than  the  other,  and  that  the  neutral  wire  acts  as  an  over- 
flow main,  allowing  the  current  not  required  on  the  one  side  of 
the  circuit  to  return  to  the  generator,  so  that  the  neutral  wire  will 
have  a  current  flowing  in  it  under  these  conditions  of  80  —  20  =  60 
amperes.     Ans. 

The  principal  advantage  of  the  three-wire  system  is 
the  saving  of  copper.  The  main  leads,  or  outer  conductors, 
carry  a  current  equal  to  only  one-half  that  required  to  sup- 
ply the  same  number  of  lamps  on  the  two-wire  system,  so 
that  very  much  less  copper  is  required. 

The  principal  objections  to  the  three-wire  system  are 
two  :  The  increased  first  cost  of  the  plant,  two  dynamos  be- 
ing required,  where  other  systems  need  but  one;  and  the 
additional  care  required  to  insulate  the  increased  potential 
of  the  entire  circuit. 

3516.  Modification  of  the  Three-Wire  System; 
Single  Dynamo. — In  some  cases,  where  the  load  remains 
reasonably  constant, 
it  becomes  practica- 
ble to  wire  a  circuit 
on  the  three-wire  plan 
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with  one  dynamo.  As  fig.  isss. 

shown  m  Fig.  1333,  the  neutral  wire  is  then  not  brought 

back  to  the  station,  but  forms  merely  the  link  connecting 
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the  two  main  leads,  and  the  one  dynamo  generates  a  current 
of  twice  the  voltage  used  on  an  equivalent  two-wire  system. 
This  system  may  produce  great  variation  in  pressure  where 
the  two  circuits  do  not  remain  balanced,  and,  hence,  is  util- 
ized only  by  institutions  generating  and  using  their  own 
power,  and  willing  to  suffer  the  variations  of  pressure. 

3517.  Five  and  seven  ^wire  systems  have  been 
projected   and  are  in   use,  especially  in   Europe.     They  are 

^JL^ ^  designed  on  the  same  prin- 
ciples as  the  three-wire 
system  described  above. 
Fig.  1334  illustrates  such  a 
five-wire  system.     In  this 

case  the  voltage  across  the 

extreme  leads,  that  is,  be- 
tween  A    and   B,  is  four 

times    that   of   one   lamp. 

Four     dynamos     are    re- 
_B   quired,    making    the    first 
Fig.  1334.  cost    of    the    plant     very 

great,  which,  together  with  the  increased  difficulties  of  in- 
sulating the  higher  potentials,  has  hindered  it  from  being 
generally  introduced.  For  the  seven-wire  system,  which 
requires  six  dynamos,  the  same  reasoning  holds. 

The  various  systems  described  thus  far  all  attempt  to  give 
power  distribution  with  as  little  variation  in  potential  as 
possible,  but  a  larger  design  carried  out  on  this  principle 
involves  such  a  vast  amount  of  copper  that  the  cost  of  the 
conductors  becomes  too  great  to  make  the  plant  economical. 
If,  however,  a  certain  variation  in  drop  of  the  circuit  could 
be  allowed  to  exist  without  seriously  interfering  with  the 
average  brilliancy  of  the  user's  lamps,  such  a  system  might 
be  designed  with  not  too  great  a  cost  of  conductors.  A 
system  of  this  kind  introduced  by  Edison  is  the  feeder  and 
main  system. 

3518.  The  Feeder  and  Main  System. — The  princi- 
ple of  the  system  illustrated  in  Fig.  1335  is  to  connect  the 
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various  portions  of  the  area  to  be  lighted  by  means  of  sepa- 
rate conductors  with  the  generating  station  and  allow  abso- 
lutely no  power  to  be  taken  from  these  conductors  between 
the  point  of  distribution  and  the  generator.  Every  district 
of  distribution    thus    has   its    independent    conductors   /% 
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Fig.  1335. 

termed  feeders,  which  connect  to  what  are  called  the  dis- 
tributing mains  J/.  It  therefore  becomes  possible  to 
regulate  the  pressure  for  a  consumer  at  any  point  of  distri- 
bution from  the  station,  and  independently  of  the  other 
consumers  supplied. 

A  further  and  the  greatest  advantage  of  this  system  is 
the  economy  in  copper  which  can  be  obtained  in  the  feeders. 
There  being  no  connections  except  at  the  ends,  the  drop  is 
of  no  importance  so  far  as  good  service  is  concerned,  and 
the  cross-section  of  copper  may,  therefore,  be  greatly  re- 
duced. 

In  connection  with  the  above  description,  it  may  be 
remarked  that  the  entire  city  of  New  York  is  wired,  through 
underground  conduits,  on  this  system,  by  the  Edison  Illumi- 
nating Company. 

3519.  Arc  Lamps  on  Constant-Potential  Cir- 
cuits.— The  use  of  incandescent  and  arc  lamps  on  the  same 
circuit  is  very  often  found  in  practice.  Since  incandescent 
circuits  are,  however,  usually  run  at  about  110  volts,  several 
arc  lamps  may  be  connected  in  series,  instead  of  using  sin- 
gle enclosed  arcs,  and  this  series  is  then  joined  in  parallel 
across  the  constant-potential  mains.  Fig.  1336  shows  such 
an  arrangement. 

The  generator  G  here  shown  is  feeding  a  110-volt  current 
to  the  line  to  which  both  incandescent  and  arc  lamps  are 
connected,  the  incandescent  lamps  singly,  the  arc  lamps  in 
series  of  two. 
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An  arc  lamp  requires  from  35  to  50  volts,  according  to  its 
make,  a  very  general  voltage  being  45.     It  will,  therefore, 
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Fig.  1336. 
be  evident  that  two  such  lamps  in  series  would,  if  adjusted  for, 
say,  45  volts,  take  up  only  2  X  45  =  90  volts  of  the  E.M.F. 
of  the  circuit,  thus  leaving  110  —  90  =  20  volts.  This 
surplus  of  E.  M.  F.,  v/hich,  if  not  taken  up,  would  allow  too 
much  current  to  flow  through  the  lamps,  is  usually  compen- 
sated for  by  means  of  inserted  resistance,  as  shown  at  R, 
Fig.  1336. 

Example. — Two  constant-potential  direct-current  arc  lamps,  ad- 
justed for  50  volts,  of  7|  amperes  each,  are  to  be  wirea  in  series  across 
a  110-volt  incandescent  circuit.  It  is  required  to  determine  the  extra 
resistance  which  must  be  placed  in  series  with  the  pair. 

Solution.— Two  lamps  at  50  volts  =  100  volts.     110  volts  —  100  =  10 

volts  to  be  taken  up  by  resistance.     Through  these  10  volts  7A  amperes 

E.  M.  F 
must  flow.     Ohm's  law,  current  = ._^ ^,  transposed  for  use  here. 


reads:  Resistance 


resistance 

E.  M.  F.     ^  „       10 

— — — --;  hence,  7?  =  =r> 
current  7.5 


1.33  ohms,  or  a  resist- 


ance-coil wound  to  give  1.33  ohms  resistance,  and  to  have  a  carrying 
capacity  of  7.5  amperes,  is  required. 

3520.  The  resistance,  or  choking,  coil  assists  to  a 
certain  extent  in  the  regulation  of  the  lamp.  Thus,  in  a 
45-volt  lamp,  taking  a  current  of  10  amperes,  the  resistance 
is  4.5  ohms.  If  the  resistance  of  the  lamp  be  increased 
0.5  ohm,  the  current  will  decrease  to  9  amperes.  Suppose, 
now,  that  the  constant  E.  M.  F.  of  the  circuit  be  GO  volts, 
and  that  a  resistance  equal  to  1.5  ohms  be  added  to  the 
lamp.  Then,  if  the  resistance  be  increased  0.5  ohm,  the  cur- 
rent will  decrease  to  9.23  amperes. 

Arc  lamps  are  usually  run  two  in  series  upon  110-volt 
incandescent  circuits,  or  four  in  series  upon  220-volt  circuits. 
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In  the  secondary  of  a  transformer,  and  upon  alternating- 
current  incandescent  circuits,  they  are  provided  with  an 
inductive  resistance,  or  choking,  coil,  to  be  connected  in 
series.  This  coil,  by  its  induction  (which  is  further  in- 
creased by  the  presence  of  an  iron  core),  chokes  back  a  cer- 
tain amount  of  the  E.  M.  F.  to  obtain  the  proper  pressure 
at  the  terminals  of  the  lamp.  It  consists  of  a  closely 
wound  coil  of  copper  Avire  with  about  -^  of  the  resistance 
of  that  of  a  direct-current  coil  to  produce  the  same  reduc- 
tion. Also,  it  loses  much  less  energy  than  an  ordinary 
resistance,  as  most  of  the  reduction  is  accomplished  by  the 
self-induction  retarding  or  obstructing  the  E.  M.  F.,  instead 
of  by  the  heating  of  a  wire. 


-o- 


o- 
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IXCAXDESCEXT    E:LECTRIC   LIGHTING    BY 
ALTERX ATIXG    CU R R EXTS. 

3521.  In  the  alternating  transformer  system,  which  is 
used  for  transmitting  power  from  great  distances  and  dis- 
tributing lights  over  a  large  area,  the  same  methods  of  dis- 
tribution described  in  the  preceding  pages  are  in  use 
upon  the  actual  dis- 
tributing lines,  that 
is,  upon  the  second- 
ary circuits  of  the 
transformers.  In 
these  transformers 
the  high  pressure  of' 
the  mains  is  reduced 
to  the  low  pressure 
required  for  lighting, 
and  the  wiring  from 
the  transformers  \.<>  the  buildings 
multiple-arc  system. 

A  typical  circuit  of  this  kind  is  shown  iliagramniatically  in 
Fig.  1337.  This  is  the  iiu-thod  used  almost  exclusively  for 
incandescent  lighting  where,  as  the  figure  shows,  both  the 
transformers  T  and  the  lamps  /  are  wired  on  the  multiple-arc 
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system ;  the  transformer  primaries  are  in  parallel  across  the 
high-tension  mains  and  the  lamps  in  parallel  across  the  low- 
tension  secondaries  of  the  transformers.  G  is  the  generator. 
This  system  is  almost  entirely  self-regulating,  and  allows 
of  the  greatest  flexibility  of  distribution  from  the  secondary 
circuits. 


50  V.- 


-o 

■o 
o 

FlG.  1338. 


Where  a  large  number  of  lamps  is  to  be  supplied  at  a 
single  location,  the  transformers  may  be  banked,  that  is, 
joined  together  upon  their  secondaries — in  series  or  in  par- 
allel— for  greater  voltage  or  greater  current.  Fig.  1338 
shows  such  a  connection  for  greater  current.  Here  the 
secondaries  of  their  transformers  are  banked  and  joined  in 
parallel  to  supply  the  great  number  of  lamps  on  the  lighting 
circuit. 

I 


1000  V. 


Fig.  1339. 


Fig.  1339  shows  a  connection  for  higher  E,  M.  F.,  which 
would  be  used  where  the  lamp  circuit  was  of  high  resistance, 
or  the  lamps  of  higher  voltage  than  that  given  by  the  sec- 
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ondary  of  one  transformer.  By  connecting  the  secondaries 
of  two  transformers  in  series,  double  the  E.  M.  F.  of  one  is 
obtained. 

Fig.  1340  shows  a  connection  for  a  three-wire  distribution, 
from  which  it  will    appear   that  the  principle  of  wiring  is 


Fig.  laio. 
similar  to  that  outlined  in  Art.  3514  for  direct  currents. 

3522.  The  figures  1338, 1339,  and  1340  may  be  regarded 
as  forming  three  parts  of  one  line,  that  is,  a  primary  line 
of  1,000  volts. 

In  Fig.  1338  the  transformers  have  a  ratio  of  transforma- 
tion of  20: 1,  that  is,  from  1,000  volts  to  50.  At  this  point 
three  are  banked  together  in  parallel  to  feed  a  50-volt  lamp 
circuit. 

In  Fig.  1339  a  lamp  circuit  of  100  volts  is  to  be  supplied. 
The  same  transformers  are  used;  but  in  this  case  their 
secondaries  are  connected  in  scries  to  produce  the  required 
100  volts. 

In  Fig.  1340  different  transformers  are  used,  wound  for  a 
ratio  of  transformation  of  10: 1,  that  is,  1,000  volts  to  100. 
The  object  here  is  to  supply  a  three-wire  system  with  a  200- 
volt  current  between  extreme  conductors.  The  secondaries, 
therefore,  are  connected  in  series,  giving  200  volts;  a  wire 
brought  out  from  their  point  of  junction  gives  the  interme- 
diate E.  M.  F.  of  100  volts  to  either  side,  and  forms  the 
so-called  neutral  wire. 
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These  various  arrangements  indicate  the  great  flexibility 
of  the  transformer  system  above  alluded  to,  and  make  it 
evident  why  it  is  gradually  supplanting  the  direct  current. 


INSTALLATIOIV   OF   TRANSFORMERS. 

3523.  Transformers  are  usually  set  up  in  moisture- 
proof  and  fireproof  iron  cases  on  poles,  or  attached  to  the 
outside  of  buildings.  Sometimes,  however,  they  are  placed 
in  sub-cellars  or  vaults  within  the  building.  The  cases  are 
sometimes  filled  with  oil  to  ensure  good  insulation.  Sub- 
stations may  be  arranged  so  that  all  the  transformers 
are  at  one  place;  and  a  low-pressure  circuit  may  be  run 
from  this  place  to  each  consumer.  In  the  secondary  circuit, 
and  often  in  the  primary  as  well,  a  two-pole  switch  is  placed 
just  outside  the  transformer,  and  beyond  these  switches  two 
double-pole  safety  cut-outs  are  connected  respectively  in 
both  circuits.  There  are  two  ways  of  connecting  trans- 
formers in  the  circuit  of  the  generator:  one  in  series,  where  a 
constant  current  is  maintained  in  the  primary  circuits;  and 
the  other  in  parallel,  where  a  constant  E.  M.  F.  is  maintained 
between  the  positive  and  negative  conductor  of  the  generator. 

3524.  Transformers  in  Series. — When  they  are  in 
series,  the  regulation  is  usually  performed  by  hand,  as  no 
efficient  automatic  device  for  alternating  currents  has 
yet  been  constructed.  Also,  lamps  can  not  be  run  in 
multiple  arc  in  the  secondary  circuits  of  this  system,  as  the 
eifect  of  altering  the  number  of  lamps  would  be  to  cause 
changes  in  the  E.  M.  F.  between  the  secondary  conductors. 
The  reason  for  this  is  as  follows: 

The  E.  M.  F.  of  the  secondary  circuit  depends  directly 
upon  the  current  in  the  primary  and  inversely  upon  its  own 
resistance,  and  as  the  current  is  always  constant  in  the 
primary,  the  E.  M.  F.  of  the  secondary  will  change  with  the 
number  of  lamps  in  parallel.  Therefore,  as  this  system  is 
not  self-regulating,  the  lamps  should  either  be  alternating- 
current  arc  or  low-resistance  incandescent,  so  arranged  in 
series  that,  when  each  is  cut  out,  an  equal  resistance  is,  by 
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an  automatic  device,  thrown  in  the  circuit.  When  all  lamps 
are  turned  off,  the  secondary  should  not  be  left  on  open  cir- 
cuit, but  should  be  closed  through  a  resistance  equal  to  that 
of  all  the  lamps  combined. 

If  left  upon  open  circuit,  the  secondary  will  no  longer 
exert  the  necessary  mutual  induction  to  counteract  the 
self-induction  of  the  primary,  so  that  the  current  in  the 
generator  circuit  will  be  reduced. 

3525.  Transformers  in  Parallel. — On  account  of 
the  inconveniences  above  named,  transformers  are  usually 
run  in  parallel  circuit.  By  this  method — with  lamps  in 
parallel  in  the  secondary — they  are  nearly  self-regulating, 
for  the  following  reason : 

When  all  the  lamps  are  turned  off,  so  that  the  secondary 
circuit  is  open,  the  self-induction  of  the  primary  is  sufficient 
to  choke  back  nearly  all  the  E.  M.  F.,  and  a  very  small 
current  will  flow.  Now,  if  one  lamp  be  turned  on,  a  cur- 
rent can  flow  in  the  secondary.  This  current,  by  mutual 
induction,  induces  an  E.  M.  F.  in  the  primary  which,  to  a 
certain  extent,  counteracts  the  back  E.  M.  F.  Thus,  the 
primary  current  rapidly  rises  in  strength  until  it  is  great 
enough  to  induce  the  requisite  current  in  the  secondary. 
If  more  lamps  are  switched  in,  the  mutual  induction  still 
increases,  the  back  E.  M.  F.  is  still  further  reduced,  and 
sufficient  current  for  all  the  lamps  flows  in  the  secondary. 
Cutting  out  the  lamps  will  have  a  directly  opposite  effect. 

It  is  now  seen  that  transformers  in  parallel  should  be  left  on 
open  circuit,  as  in  this  case  the  smallness  of  current  flowing 
in  the  primary  reduces  the  loss  of  power  to  a  minimum.  The 
circuit  is  usually  opened  by  simply  switching  out  the  lights. 


CENTRAL   STATIONS   FOR   ELECTRIC-LIGHTING 

PLANTS. 
3526.     The  design  of  the  central    station   for  an 

electric-lighting  plant  involves  a  great  many  considerations 
which  depend  upon  the  system  of  distribution  adopted. 
The  choice  of  the  system  itself,  as  to  whether  the  direct  or 
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alternating  current  should  be  used,  is  dependent  upon  the 
area  of  the  territory  to  be  lighted  and  upon  the  distance 
between  the  centers  of  generation  and  distribution.  Thus, 
for  small  districts  in  which  the  lighting  is  dense,  and  in 
which  the  central  station  can  be  placed  approximately  in  tke 
center  of  the  area  illuminated,  the  two-wire  direct-current 
low-pressure  system  is  the  one  most  suitable.  It  has  been 
found,  however,  that  such  a  system  is  no  longer  economical 
when  the  mean  length  of  the  feeders  becomes  greater  than 
300  yards. 

By  the  Edison  three-wire  system,  the  distribution  of 
direct-current  low-pressure  supply  may  be  economically 
conducted  for  a  feeder  length  of  from  one-half  to  three- 
quarters  of  a  mile.  The  five-wire  system  allows  of  a  mean 
feeder  length  of  one  mile.  Beyond  this  distance  direct- 
current  systems  are  too  costly,  and,  therefore,  the  alterna- 
ting-current system  is  used. 

3527.     The  Location  of  the  Central  Station. — In 

the  case  of  series  distribution,  it  is  evident  that  the  location 
of  the  central  station  is  of  slight  importance,  provided  it  is 
located  somewhere  on  the  outline  of  the  polygon  which 
forms  the  circuit,  for  all  points  on  this  polygon  are  equally 
advantageous.  It  may  also  be  stated  that  if  other  consider- 
ations make  it  necessary  to  locate  the  station  at  a  certain 
distance  from  the  polygon,  any  point  along  the  entire  line, 
at  this  required  distance  from  the  outline,  can  be  taken. 
But  with  parallel  distribution  the  case  is  entirely  different. 
Here  the  exact  location  of  the  station  is  of  the  highest  im- 
portance, and  should  never  be  decided  upon  until  all  con- 
ditions entering  into  the  problem  have  been  carefully 
weighed;  for  when  this  system  is  employed,  the  question 
of  conducting  heavy  currents  makes  the  cost  of  the  con- 
ductor a  figure  that  must  be  kept  as  low  as  possible,  and  this 
can  only  be  attained  by  making  all  distances  as  short  as 
possible.  This  would  mean  that  the  central  station  should 
be  placed  in  the  center  of  the  system  to  be  served,  as 
described  in  the  section  on  Electric  Transmission. 
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CABLES. 

3528.  Arc-light  cables,  on  account  of  the  high  pressure 
generally  used,  always  have  the  best  insulation.  They  are 
fastened  to  glass  insulators  when  run  on  poles,  and  the  size 
of  conductor  for  series  lighting  is  determined  by  the  safe 
carrying  capacity.  When  arc  lights  are  used  in  buildings, 
the  conductors  are  always  exposed  to  view  and  tied  to  small 
porcelain  insulators. 

For  running  arc  as  well  as  incandescent  lines  upon  poles, 
the  same  formulas  for  sags  and  stresses  as  those  for  tele- 
graph and  telephone  lines  may  be  used,  of  course  using  the 
proper  coefficient  of  expansion. 

3529.  Cable  Protectors. — When  high  pressures  are 
used  upon  cables,  especially  upon  those  that  are  protected 
by  a  lead  cover,  it  is  found  that  unless  cable  protectors  are 
employed,  the  insulation  is  frequently  punctured.  This 
action  may  be  explained  as  follows: 

In  Fig.  1341,  twenty-four  arc  lamps 
are  connected  to  the  dynamo  in  series 
circuit,  and  each  lamp  is  connected  to 
the  next  by  a  lead-covered  cable.  Now, 
suppose  each  lamp  takes  50  volts,  and 
that  the  drop  of  E.  M.  F.  in  the  cable 
may  be  neglected.  Suppose,  also,  that 
the  E,  M.  F.  at  the  dynamo  is 
1,200  volts.  Then,  the  difference  of 
potential  between  a  and  d  will  be 
1,100  volts,  that  between  b  and  c 
will  be  1,000  volts,  etc. 

Each  length  of  cable  will  act  as  a 
condenser,  and  a  discharge  will  tend 
to  flow  through  the  insulation  from 
the  conductor  to  some  point  on  the 
covering  and  then  across  the  section, 
as  from  a  to  d.     Now,  if  while  in  a  fig.  is4i. 

charged  state  two  breaks  be  made  in  the  conductor,  so  that 
one  conductor  of  a  section  is  insulated  from  the  other,  a 
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discharge  will  take  place  which  will  pierce  the  insulation. 
This  can  not,  of  course,  occur  if  a  path  for  the  discharge 
exists  through  the  conductor  or  dynamo, 

■  In  practice,  two  breaks  at  the  same  instant  are  not  liable 
to  occur.  But  when  shunt  coils  are  used  around  arc  lights, 
only  one  break  is  necessary  to  produce  the  conditions  for  a 
discharge.  It  is  found  that  the  self-induction  in  the  shunt 
coils  of  arc  lamps  is  sufficient  to  almost  entirely  prevent  the 
discharge  from  flowing  through  them.  Thus  the  condition 
for  two  simultaneous  breaks  is  practically  always  present 
when  the  circuit  is  opened. 

To  prevent  this  destruction  to  the  insulation,  a  cable  pro- 
tector may  be  used,  as  shown  in  Fig.  1342.  This  is  called 
the  Acheson  cable  protector.     It  is  usually  placed  at  joints 


where  cables  join  with  aerial  conductors,  and  within  poles 
where  the  conductors  run  to  arc  lamps.  In  Fig.  13-42,  /  is 
the  lead  covering  of  the  cable  and  c  is  a  metallic  clamp 
which  fastens  the  piece/  upon  the  lead.  This  piece  carries 
the  needle  x,  so  that  the  point  projects  about  f  inch  beyond 
where  the  lead  is  cut  away  and  the  insulation  i  is  exposed. 
The  needle  is  clamped  by  the  set-screw  c.  A  metallic  clamp 
r  is  placed  over  the  insulating  material  s,  which  should  be 
slightly  thicker  than  i.  This  clamp  carries  a  piece  «,  through 
which  needle  y  is  placed  opposite  to  ;r,  and  held  in  position 
by  set-screw  e^.  Around  the  exposed  conductor  is  the  metallic 
clamp  t,  which  carries  one  end  of  fuse  wire/",  the  other  end 
of  which  is  connected  to  clamp  r. 

The  needles  are  adjusted  to  a  distance  of  separation 
slightly  less  than  the  thickness  of  the  cable  insulation,  and 
all  exposed  places,  either  of  the  insulation  or  conductor,  are 
wound  with  insulating  tape.  The  winding  is  made  to  pro- 
ject for  a  distance  over  the  lead  covering. 

Any  discharge  that  may  occur  will  take  place  between  the 
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points  of  the  needles  and  along  the  fuse  wire,  and  thus  the 
insulation  is  protected  by  the  needle  points  and  the  dynamo 
or  lamp  by  the  fuse  wire. 


CABLE    TERMINALS. 

3530.  When  an  underground  electric-light  cable  con- 
nects with  an  aerial  line  or  with  lamps,  some  form  of  pro- 
tective terminal  such 
as  is  shown  in  Fig. 
1343  is  used.  This 
terminal  may  be 
placed  on  the  side  of 
a  wooden  pole,  or  on 
the  top  of  a  hollow 
iron  pole.  It  may  be 
altogether  enclosed 
in  a  weather-proof 
cast-iron  box,  or,  as 
the  double  switch  k  is 
itself  in  a  weather- 
proof covering,  it 
may  be  left  on  the 
outside.  In  the  fig- 
ure, ^  is  a  switch 
operated  by  handle 
//,  c  and  r,  are  the 
entering  cables,/  and 
/>,  are  needle  cable 
protectors,  f  and  f^ 
are  fuse  wires,  r,  r,  r, 
r  are  porcelain  insu 
lators,  d  and  d^  are 

the  conductors  which  P'g-  ^'♦«- 

run  either  to  the  lamp  or  to  the  overhead  circuit,  and  m  and 
;//,  are  cups  screwed  to  the  cables  and  filled  with  insulating 
material. 


•:u 
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SAFETY  CUT-OUTS. 

3531  •  Safety  cut-outs  are  devices  that  break  a  circuit 
before  a  wire  in  that  circuit  becomes  sufficiently  heated  by 
the  passage  of  an  abnormal  current  to  cause  danger  of  fire. 
They  are  also  used  to  protect  lamps.  Fig.  1344  shows  an 
incandescent  cut-out  for  small  currents.  It  is  called  a  rosette 
cut-out,  and  is  principally  used  on  ceilings  where  a  lamp 
drops  from  the  supply  wires.  The  figure  shows  the  inside 
view  of  the  two  halves.  They  are  both  composed  of  porce- 
lain, upon  which  metallic  connection  pieces  are  screwed. 
The  half  B  is  screwed  to  the  ceiling  through  the  holes  h 


Fig.  1344. 

and  //,.  The  ceiling  or  supply  wires  are  respectively  con- 
nected to  the  binding-posts  p  and/j,  which  are  themselves 
connected  to  the  two  projecting  elastic  plates  of  metal  c  and  d. 
The  half  A  has  two  projecting  metallic  pieces  in  and  n, 
which  hook  in  under  c  and  d,  and  make  the  connections 
when  the  two  halves  are  put  together.  The  side  view  of  in 
or  ;/  is  given  at  f.  Upon  each  of  these  pieces  at  the  end 
that  rests  against  the  porcelain  is  a  binding-screw  s  or  x. 
Two  small  metallic  plates,  each  carrying  a  pair  of  binding- 
screws  /  and  V  ox  z  and  y,  are  screwed  upon  the  porcelain  at 
diametrically  opposite  points,  and  the  lamp  conductors, 
entering  at  hole  o,  are  connected  respectively  to  v  and  z. 
Between  the  two  binding-screws  t  and  s,  as  well  as  between 
X  and  jj/,  are  respectively  connected  two  strips  of  a  fusible 
alloy.  This  alloy  melts  and  breaks  the  circuit  when  the  cur- 
rent increases  above  a  given  value. 


ELECTRIC  LIGHTING. 


•2381 


The  current  starts  from  one  supply  wire  and  flows  through 
i/,  w,  and  the  alloy  or  fuse  wire  xy  to  z.  Then  it  flows  through 
the  lamp  to  i\  through  the  fuse  wire  /  j  to  r,  and  out  to  the 
other  supply  wire.  The  two  halves  are  connected  by  a  screw- 
ing motion,  which  rubs  the  two  contact  pieces  together. 

3532.  Cut-out  for  Large  Currents. — Fig.  1345  rep- 
resents a  cut-out  which  may  be  used  for  from  100  to  400 
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Fig.  1345. 

amperes.  The  metallic  tubes  a  and  a^  fit  over  the  ends  of 
the  line-wire,  and  the  screws  for  clamping  in  these  ends  are 
-I',  -f,,  .r,,  and  x^.  The  thumb-screw  binding-posts  p  and/,  are 
used  for  connecting  in  circuit  the  strip  of  fusible  alloy,  and 
the  metallic  plates  b  and  b^  are  in  connection  with  a  and  a^. 
The  soapstone  base  s  is  pierced  with  the  proper  holes  for 
fastening  to  some  support. 


CALCULATIONS  FOR  INCANDESCENT- 
LIGHTING  CIRCUITS. 
3533.     In  making  calculations  for  electric-light  wiring, 
very  simple  formulas  may  be  applied  in  most  cases.     The 
current  taken  by  average  lamps  is  as  follows: 


110-Volt. 

55-Volt. 

.5  ampere 
1     ampere 
1.5  amperes 
3     amperes 

16  c. 
32  c. 
50  c. 

p. 
p- 
p. 

I'- 

lamp 
lamp 
lamp 

lamp 

1  ampere 

2  amperes. 

3  amperes 
6  amperes 
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The  number  of  lamps  on  a  circuit  may,  therefore,  always 
be  expressed  in  terms  of  IG  c.  p.  lamps,  as 

one  32  c.  p.  lamp  =  2  of  16  c.  p. 
one  50  c.  p.  lamp  =  3  of  16  c.  p. 
one  100  c.  p.  lamp  =  6  of  16  c.  p. 

Then,  for  110-volt  circuits  the  following  formula  applies: 

E 

where  Rf'=  resistance  per  foot  of  the  conductor; 
E  =  drop  in  volts  in  the  circuit; 
N  =  number  of  16  c.  p.  lamps; 

J^  =  distance  in  feet  from  dynamo  or  distributing 
board  to  lamps. 

That  is:  T/ie  resistance  per  foot  of  the  conductor  required 
for  a  110-volt  electric-light  installation  is  equal  to  the  allozv- 
able  drop  in  volts  divided  by  the  product  of  the  number  of  16 
c.  p.  lamps  and  the  single  distance  in  feet  between  the  dynamo 
or  distributing  board  and  the  lamps.  This  product  is  called 
the  lamp'feet. 

Example. — A  lamp  circuit  is  to  be  installed  in  which  there  are  80 
sixteen  candle-power  110-volt  lamps.  A  drop  of  10  volts  is  allowed,  and 
the  lamps  are  500  feet  distant  from  the  dynamo.  What  size  of  wire 
should  be  used  ? 

Solution. — In  this  example  /?=  10  volts;  A^=80;  i^=  500.  Then, 
by  formula  547,  the  resistance  per  foot  of  the  conductor, 

^/=80W0  =  •'''-' °^"^- 

This  is  equal  to  .25  ohm  per  1,000  feet,  and  in  Table  98  this  corresponds 
to  No.  4  B.  «&  S.  near  enough.     Ans. 

3534.  When  55-volt  lamps  are  used,  double  the  current 
is  required  for  the  same  illumination,  and  for  determining 
the  size  o^  ."onductor  we  have 

^•'=OT-         (548.) 

That  is :   The  resistance  per  foot  of  a  conductor  for  a  55-volt 
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lig]iting  circuit  is  obtained  by  dividing  tlic  drop  in  volts  by 
twice  the  lamp-feet. 

Example. — A  group  of  25  lamps  of  16  c.  p.  is  installed  on  a  5o-volt 
circuit,  at  a  distance  of  75  feet  from  the  switchboard.  If  a  drop  of  2 
volts  is  allowed,  what  size  of  wire  should  be  used  ? 

Solution. —    ^=2  volts;  A^=  25,  and /^  =  75.     Then,  by  formula 

548, 

2 

/if  =  ^^ ^ =  .000533  ohm  =  .533  ohm  per  1,000  feet- 

■^      2x2ox75  ±'       • 

This  corresponds  to  No.  7  B.  &  S.  gauge.     Ans. 

3535.  When  the  wire  is  very  large,  it  is  more  conve- 
nient to  express  the  area  in  circular  mils,  and  the  following 
formula  is  used  for  110-volt  circuits  : 

A  =  — -^-^,  (549.) 

where  A  =  area  in  circular  mils. 

The  area  of  a  conductor^  in  circular  mils,  for  a  110-volt 
circuit  is  equal  to  10.8  times  the  lamp-fee ty  divided  by  the  drop 
in  volts. 

For  55-volt  circuits  use 

The  area  of  a  conductor,  in  circular  mils,  for  a  55-volt  cir^ 
cuit  is  equal  to  the  lamp-feet  divided  by  the  drop  in  volts  and 
multiplied  by  2  and  by  10.8. 

3536.  The  last  two  formulas,  giving  the  area  directly 
in  circular  mils,  are  based  upon  the  fact  that  the  resistance 
of  a  wire  of  commercial  copper  1  foot  long  and  1  circular  mil 
in  cross-section  at  75°  F.  is  about  10.8  ohms.  A  nearer  fig- 
ure is  10.79,  but  this  involves  more  trouble  in  the  calcula- 
tions, and  for  this  class  of  work  the  constant  lO.S  is  suffi- 
ciently accurate. 

Since  resistance  is  directly  proportional  to  length  and  in- 
versely proportional  to  area  of  cross-section,  it  is  evident 
that  a  wire  2  feet  long  would  have  twice  this  resistance,  and 
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a  wire  1  foot  long,  but  of  2  circular  mils  cross-section,  one- 
half  this  resistance. 

Expressed  in  symbols,  this  would  be 

^=^^,  (551.) 

where  R  =  resistance  in  ohms; 

L  =  length  in  feet; 
d  =  diameter  of  wire  in  mils. 

Here  d'  is  given  instead  of  the  area  in  circular  mils,  be- 
cause the  diameter  of  the  wire  is  the  figure  generally  quoted. 

Formula  551  may  be  expressed  as  follows  :  TAe  resist- 
ance of  a  copper  wire  is  equal  to  its  length  in  feet  multiplied 
by  10.8  and  divided  by  its  cross-section  in  circular  mils 

This  formula  may  be  transposed  and  written  : 

d^  =  i^^.  (552.) 

That  is  :   The  cross-section    of  a   copper  wire  in  circular 
mils  is  fou7id  by  multiplying  its  length  in  feet  by  10.8  and  * 
dividing  the  result  by  its  resistance  in  ohms. 

Example. — Required  the  cross-section  in  circular  mils  of  a  wire 
1,000  feet  long  and  of  a  resistance  of  1  ohm. 
Solution. — By  formula  552, 

,-      10.8x1,000      ,„o„„    •       ,  M        A 

</»  = —  10,800  circular  mils.     Ans. 

3537.  It  may  be  desired  to  know  in  some  cases  what 
the  drop  would  be  with  a  given  conductor,  and  this  may  be 
determined  by  transposition  of  terms  in  the  formulas  already 
given. 

For  110-volt  circuits, 

E=,RfNF.  (553.) 

The  drop  in  volts  is  equal  to  the  resistance  per  foot  of  the 
conductor  multiplied  by  the  lamp-feet. 

Or,  E  = -2 .  (o54.) 
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The  drop  in  volts  is  equal  to  10.8  times  the  lavip-feet^  divided 
by  the  cross-sectional  area  of  the  conductor  iti  circular  mils. 
For  5o-volt  circuits, 

E  =  '2RfNF.  (555.) 

The  drop  in  volts  is  equal  to  the  resistance  per  foot  of  the 
conductor  multiplied  by  izuice  the  lamp-feet. 

Or,  E  = -j .  (oo6.) 

The  drop  in  volts  is  equal  to  twice  the  lamp-feet  multiplied 
by  10.8  and  divided  by  the  area  of  the  conductor  in  circular 
mils. 

Example. — A  circuit  of  200  sixteen  candle-power,  55- volt  incan- 
descent lamps  is  to  be  wired  for  a  20  p)er  cent,  loss  in  conductors.  Tiie 
total  length  of  the  circuit  is  800  feet.  What  should  be  the  size  of  the 
conductor  ? 

Solution. — The  actual  drop  on  the  line  is,  by  formula  502, 

100x35      __ 
t.  =  — 5jr oo  =  13.75  volts. 

In  this  example  iV=200;  ^=400;  and  £'=13.75.  Then,  by  for- 
mula 548,  the  resistance  per  foot  of  the  conductor 

lo  7'i 
^f  =  o  sy  ».w'> inn  =  -0000859  ohm  =  .0859  per  1,000  feet 

The  nearest  size  of  wire  is  No.  00  B.  &  S. 

This  wire  will  carry  only  124  amperes,  so  it  can  not  be  used.  The 
nearest  size  for  the  required  200  amperes  is  a  heavy  cable,  but  we  may 
use  two  No.  0  wires  in  parallel.  The  resistance  per  foot  will  be  one- 
half  of  a  single  wire,  or  .000051  ohm,  and  by  formula  555,  the  result- 
ing drop  in  the  circuit 

£=  2  X  .000051  X  200  X  400  =  8.16  volts. 

3538.  Size  of  Conductors  for  Tlirec-\\  ire  Sys- 
tem.— The  method  followed  in  calculating  the  size  of  con- 
ductors for  the  three-wire  system  is  based  on  the  same  laws 
as  for  the  two-wire  system.  When  the  two  sides  of  the 
three-wire  system  are  balanced,  with  no  current  in  the  neu- 
tral wire,  the  E.  M.  F.  of  the  circuit  is  double  that  of  a  two- 
wire  system,  and  since  the  current  for  one  lamp  also  passes 
through  another  lamp  in  series,  the  total  current  required  h 
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only  one-half  of  that  necessary  for  the  same  number  of 
lamps  on  the  two-wire  system.  For  an  equal  percentage 
drop  of  potential,  therefore,  the  size  of  wire  need  be  only 
one-fourth  of  that  necessary  in  the  two-wire  system.  If, 
however,  the  drop  is  to  remain  the  same  in  each  case,  the 
size  of  wire  in  the  three- wire  system  will  be  one-half  that 
required  for  the  two-wire  system;  for,  although  the  resist- 
ance of  the  conductor  for  the  three-wire  system  would 
thereby  be  doubled,  the  current  is  of  only  one-half  the 
value,  so  that  in  the  one  case  E  ^=  C  R,  and  in  the  other 
case  E  =  ^  C  X  'i  R,  which  values  are  identical. 

For  the  three-wire  system,  therefore, 

T/ie  resistance  per  foot  of  the  conductor  in  a  110-220  volt 
thrce-zvire  system  is  equal  to  tzvice  the  drop  in  volts  divided 
by  the  lamp-feet. 

For  large  conductors,  the  area  in  circular  mils 

Rule. — In  determining  the  safe  carrying  capacity  of  con- 
ductors for  the  three-wire  system^  remember  that,  with  the 
same  number  and  kind  of  lamps,  the  conductor  carries  only 
one-half  the  current  of  a  conductor  installed  on  the  multiple- 
arc  system. 

3539.    Amount  of  Copper  in  Three-'Wire  System. 

— When  the  three-wire  system  is  adopted  in  place  of  the 
two-wire,  the  total  E.  M.  F.  is  doubled,  as  we  have  seen, 
and  the  current  is  reduced  by  one-half.  But  the  same  amount 
of  energy  is  delivered,  and  the  drop  will  be  the  same  if  the 
conductor  area  is  decreased  in  proportion  to  the  decrease  of 
current.  Then,  since  the  third,  or  neutral,  wire  is  usually 
made  equal  to  the  outer  wires,  the  total  amount  of  copper 
is  reduced  by  one-fourth.  When  the  percentage  loss  is  the 
same,  however,  the  outer  wires  may  be  in  cross-section  only 
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one-fourth  that  of  the  conductors  necessary  for  the  two- 
wire  system.  But  an  additional  conductor,  the  neutral  wire, 
of  the  same  cross-section,  must  be  supplied,  having,  how- 
ever, only  one-half  the  length  of  the  total  circuit,  or  one- 
eighth  the  metal  of  the  multiple-arc  system. 

The  total  metal  of  the  three-wire  system  is,  therefore, 
^  -f  ^  =  f  of  the  metal  required  in  a  multiple-arc  system  for 
the  same  number  and  kind  of  lamps,  and  for  an  equal  per- 
centage drop  of  potential. 

The  neutral  wire  could  be  made  considerably  smaller  than 
the  outside  conductors,  because  it  normally  carries  only  a 
small  fraction  of  the  current.  However,  for  practical  rea- 
sons, it  is  usually  made  of  the  same  size  as  the  other  con- 
ductors. 

The  three-wire  system  in  a  building  is  generally  followed 
throughout  the  feeders  and  mains,  but  two-wire  branch  cir- 
cuits are  then  run  from  the  panel  boxes,  each  circuit  carrying 
not  more  than  five  or  six  amperes. , 

The  following  is  an  important  rule  for  interior  wiring: 

Rule. — No  wire  smaller  tJian  a  No.  16  B.  &  S.  gauge  should 
be  used  in  any  dynamo  eircuit,  nor  any  wire  smaller  than  a 
No.  IJf.  B.  &■  S.  in  any  inside  wiring. 

35-40.  Example. — A  system  of  wiring  illustrated  in  the  diagram. 
Fig.  1346,  is  to  be  run  on  the  multiple-arc  plan,  and  with  the  closet  sys- 
tem for  houses.  The  length  of  feeder  from  the  dynamo  to  the  main  is 
480  feet;  length  of  main  from  feeder  to  center  of  distribution  for  house 
circuits  is  220  feet;  length  of  sub-main  is  30  feet;  length  of  lamp  cir- 
cuit from  closet  to  lamps  for  third  floor  is  58  feet ;  for  second  floor,  42 
feet ;  and  for  first  floor,  22  feet.  There  are  5  lamps  on  the  third  floor, 
10  lamps  on  the  second,  and  16  lamps  on  the  first,  all  of  16  candle- 
power  and  requiring  110  volts.  The  feeder  is  joined  to  the  center  of 
the  main,  and  six  houses  on  each  side  are  each  supplied  with  the  same 
number  of  lamps;  that  is,  with  31.  Allow  for  6  volts  drop  in  the  feed- 
ers, and  1  volt  drop  in  the  mains,  in  the  sub-mains,  and  in  the  house 
circuits,  respectively.  ^Vhat  should  be  the  size  (</)  of  the  feeders? 
{b)  of  the  mains  ?  {c)  of  ihe  sub-mains  ?  (//)  of  the  wires  for  the 
lamp  circuits  ? 

Solution. — (<»)  Since  there  are  12  houses,  each  having  31  lamps,  the 
total  number  of  lamps  is  372  =  N.     The  length  of  the  feeder  is  480 
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feet  =  F    The  drop  is  6  volts  =  E.    Then,  by  formula  549,  the  cross- 
sectional  area  of  the  feeder 

.      10.8  NF     10.8  X  372  x  480      ..,   ..^    .      ,         „ 

A  = ^ = =  321,408  circular  mils. 

zi  o 

By  reference  to  Table  106,  it  will  be  seen  that  this  cable  will  carry 
between  225  and  250  amperes,  and  since  the  current  in  the  feeders  is 
only  ^1^  =  186  amperes,  this  size  is  safe.     Ans. 

{&)  The  mains  will  carry  on  each  side  one-half  the  total  number 
S8' 


Fig.  I»i6. 

of  lamps  that  is,  for  6  houses;  and  this  number  is  188  =  i\^;  the  dis- 
tance =  220  feet  =  F;  the  drop  =  1  volt  =  F.  Then,  by  formula  549, 
the  area  of  the  cable 


A  = 


10.8  X  186  X  220 


=  441,936  circular  mils. 


Since  this  cable  is  larger  than  the  feeder,  and  carries  only  one-half 
the  current,  it  is  safe.     Ans. 
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(c)  The  sub-mains  will  supply  current  for  each  house  individually. 
The  number  of  lamps  is  31  =  X;  the  distance  =  30  feet  =  J^;  the  drop  = 
1  volt  =  iE.    By  formula  547,  the  resistance  per  foot  of  the  conductor 

E               1 
^f  =  -T7-7^  =  .t; ir;  =  .001075  ohm  =  1.075  ohms  per  1,000  feet. 

By  Table  98,  this  will  be  found  to  correspond  to  No.  10  wire,  nearly. 
This  size  will  carry  18  amperes,  and  the  current  being  only  ^  =  15.5 
amperes,  it  is  safe.     Ans. 

((/)  In  the  circuit  on  the  first  floor  there  are  16  lamps  =  A";  the  dis- 
tance =  22  feet  =  F;  the  drop  =  1  volt  =  E.  By  formula  547,  the  re- 
sistance per  foot  of  the  conductor 

^/=  T^ — Tjo  =  -002841  ohm  =  2.841  ohms  per  1,000  feet 

The  nearest  size  of  wire  is  No.  14,  and  since  it  will  carry  9  amperes, 
it  is  safe.     Ans. 

On  the  second  floor  there  are  10  lamps  =  jV;  the  distance  is  42 
feet  =  E;  the  drop  =  1  volt  =  E.  By  formula  547,  the  resistance  per 
foot  of  the  conductor 

^/  =       ^       =  .002381  ohm  =  2.381  ohms  per  1,000  feet 
10  X  ^ 

The  nearest  size  of  wire  is  No.  14,  and  as  it  will  safely  carry  the 
current  of  5  amperes,  it  may  be  used  in  preference  to  No.  13,  as  the 
diflference  in  drop  will  not  be  noticeable.     Ans. 

On  the  third  floor  there  are  5  lamps  =  A'';  the  distance  =  58  feet  = 
E;  the  drop  is  1  volt  =  E  By  formula  547,  the  resistance  per  foot 
of  the  conductor 

^f  =  K E3  =  -003448  ohm  =  3.448  ohms  per  1,000  feet 

o  X  w 

The  corresponding  size  of  wire  is  about  No.  15,  but  this  may  not  be 
used,  according  to  the  underwriters'  regulations,  and  No.  14  must 
be  taken.     Ans. 


EXAMPLES   FOR  PRACTICE. 

1.  Lamps  of  115  volts  are  to  be  installed  with  lO^Sdrop.  What 
must  be  the  E.  M.  F.  at  the  brushes  of  the  dynamo  ?       Ans.  128  volts. 

2.  Twenty  110-volt  lam|)s  are  to  be  installed  in  a  building  at  a  dis- 
tance of  65  feet  from  the  closet  where  the  circuits  start.  What  should 
be  the  size  of  the  conductor,  the  percentage  of  loss  being  2JJ  ? 

Ans.  No.  13  B.  &  S.  wire. 
8.    A  gjoup  of  50  lamps,  of  16  candle-power,  110  volts,  is  to  be  con- 
nected to  the  street  mains;  the  distance  is  193  feet,  and  the  allowable 
drop  is  IJ  volts.     What  size  of  wire  is  to  be  used  ? 

Ans.  No.  0  K  &  S. 


Dynamo-Electric  Machine  Design. 

(CONTINUOUS-CURRENT.) 


FACTORS  LIMITING  OUTPUT. 

3541.  The  output  of  a  constant-potential  dynamo  is 
limited  by  two  factors:  the  carrying  capacity  of  the  arma- 
ture conductors,  and  the  distortion  of  the  field  by  armature 
reaction.  The  evidence  of  a  machine  having  reached  the 
limit  in  the  first  of  the  above  cases  is  the  development  of 
serious  heat  in  the  armature;  distortion  of  the  field  is  indi- 
cated by  excessive  sparking  at  the  commutator. 

3542.  The  question  of  sparking  must  be  considered 
fully  in  the  design  of  a  dynamo;  for  it  is  not  merely  a  mat- 
ter of  shifting  the  brushes  which  should  be  relied  upon  to 
prevent  sparking,  nor  yet  an  excessive  strength  of  field,  as 
this  is  wasteful  of  energy.  In  a  well-designed  dynamo, 
sparking  should  not  occur  within  the  limits  of  the  working 
range,  which  may  include  an  overload  above  the  rated 
output  of  15  or  20  per  cent. 


HEATING  OF  MACHINE. 
3543.  The  heat  that  is  being  continually  generated 
in  the  machine,  owing  to  the  resistance  which  the  conduct- 
ors present  to  the  passage  of  current,  is  given  off  from  the 
surface  of  the  armature  and  of  the  whole  machine  to  the 
surrounding  air.  This  giving  off  of  heat  can  occur  only 
when  the  dynamo  is  hotter  than  the  air,  for  if  two  bodies 
are  equally  hot,  one  can  not  give  any  heat  to  the  other. 
Conversely,  the  greater  the  difference  in  temj>erature  be- 
tween two   bodies,  such   as  a  dynamo   armature   and  the 

For  notice  of  copyright,  see  page  Immediately  following  the  title  pago. 
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surrounding  air,  the  more  heat  will  be  given  from  the  hot 
body  to  the  cold. 

When  a  dynamo  is  first  started,  it  is  at  about  the  same 
temperature  as  the  surrounding  air,  so  that  when  the  losses 
in  the  armature  begin  to  generate  heat,  this  heat  can  not 
pass  off  to  the  air;  but,  instead,  it  raises  the  temperature  of 
the  armature  until  it  is  enough  hotter  than  the  surrounding 
air  to  cause  all  the  heat  being  generated  to  be  given  off. 

With  a  constant  load,  the  amount  of  heat  generated  will 
become  constant,  and  it  will  be  given  off  as  fast  as  it  is  de- 
veloped; but  with  an  increase  of  load,  the  temperature  will 
again  rise  until  the  armature  is  enough  hotter  than  the  air 
to  give  off  all  this  increased  amount  of  heat. 

3544.  The  copper  and  iron  parts  of  the  machine  can 
stand  a  rather  high  increase  of  temperature  without  serious 
effects;  but  the  insulating  materials,  such  as  cotton,  silk, 
shellac,  paper,  etc.,  will  become  carbo?iized,  that  is,  charred, 
or  otherwise  rendered  useless  for  their  specific  purpose.  For 
a  short  time  these  materials  will  withstand  a  temperature 
considerably  above  the  boiling-point  of  water  (212°  F.),  but 
it  has  been  found  that  if  they  are  continually  subjected  to  a 
temperature  greater  than  about  1B0°  F.,  they  will  gradually 
become  carbonized.  Hence,  as  armatures  are  expected  to  last 
for  several  years,  they  should  never  be  subjected  to  a  con- 
tinual temperature  greater  than  about  170°  F.  Con- 
sequently, the  amount  of  current  which  will  cause  a  dynamo 
armature  to  heat  to  about  170°  F.  is  the  limiting  amount 
which  that  armature  can  safely  give. 

3545.  Since,  for  a  given  output,  the  temperature  of 
the  armature  will  rise  a  certain  amount  above  that  of 
the  surrounding  air,  it  is  evident  that,  if  the  air  is  originally 
of  a  high  temperature,  the  armature  will  actually  have  a 
higher  temperature  when  giving  off  a  certain  amount  of 
heat  than  if  the  air  were  cooler;  that  is,  for  a  certain 
amount  of  heat  generated,  the  temperature  of  the  armature 
will  rise  to  a  certain  number  of  degrees  above  the  tempera- 
ture  of  the   air.     The   average  temperature  of  the  air  in 
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places  where  dynamos  are  installed  is  often  as  high  as  90°  F., 
so  the  allowable  rise  in  temperature  of  the  armature  above 
that  of  the  air  is  about  80°  F.,  and  dynamos  are  usually 
rated  according  to  this  rise  in  temperature. 


HEATIXG  IX   ARMATURE. 

3546.  The  chief  source  of  heat  in  a  dynamo  is  usually 
that  due  to  the  flow  of  current  through  the  armature.  This 
being  proportional  to  the  square  of  the  current  and  to  the 
resistance,  is  frequently  termed  the  C*  R  loss.  In  order  to 
reduce  this  loss,  the  armature  resistance  should  be  made 
very  low.  It  is  not  possible  to  go  beyond  certain  limits, 
however,  in  the  size  of  conductor,  as  the  winding  space  can 
not  be  indefinitely  increased.  The  watts  lost  in  heat  gener- 
ally vary  according  to  the  size  of  the  machine,  a  smaller 
dynamo  being  less  efficient  in  this  respect  than  a  larger  one, 
owing  to  the  lack  of  suitable  ventilation  and  the  high  resist- 
ance of  the  winding.  It  is  usual  to  provide  a  certain  pro- 
portion of  armature  surface  per  watt  expended  in  heating, 
in  order  to  allow  of  the  heat  being  radiated  at  a  sufficiently 
high  rate  to  prevent  excessive  rise  in  temperature.  A  safe 
figure  to  use,  and  one  which  is  confirmed  in  practice,  is  1.11 
square  inches  of  surface  per  watt  lost,  equivalent  to  .9  watt 
per  square  inch,  for  peripheral  speeds  ranging  from  2,500  to 
3,500  feet  per  minute.  A  rule  given  by  Esson,  applicable  to 
rise  of  temperature  for  any  particular  case,  is  the  following: 

~  .r(l +  0.000182/)'  V3»«.; 

nrhere  /  =  temperature  rise  in  degrees  Fahrenheit; 
%u  =  watts  expended  in  heat; 
s  =  surface  of  armature  in  square  inches; 
7'  =  peripheral  velocity  in  feet  per  second. 

T/ie  rise  in  temperature  of  an  armature  is  equal  to  99 
times  the  watts  lost,  di'oided  by  the  exposed  surfaee  in  square 
inches  multiplied  by  1  plus  0.00018  times  the  velocity  in  feet 
per  second. 
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35-47.  Loss  Due  to  Heating. — After  the  armature 
winding  has  been  designed,  its  resistance  can  be  calculated, 
and  the  O  R  loss  determined  approximately.  In  general,  it 
will  be  found  that  the  resistance  is  somewhat  larger  than 
the  calculated  value,  owing  to  the  effect  of  joints  between 
the  conductors.  The  O  R  loss  will,  however,  be  found  to 
nearly  agree  with  the  values  as  given  in  the  curve  A^  Fig. 
1347. 

It  will  be  seen  that  the  losses  due  to  this  cause  fall  off 
quickly  when  passing  from  the  small  sizes  to  machines  of 
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larger  capacity,  a  100  K.  W.  dynamo  having  a.  C  R  loss  of 
about  2  per  cent,  of  the  input. 

3548.  Heating  of  the  armature  is  due,  not  alone  to  the 
C  R  loss,  but  also  to  convection  from  the  copper  conduct- 
ors, to  eddy  currents  in  them,  and  to  hysteresis  Ring 
armatures  usually  present  a  greater  surface  to  the  cooling 
effect  of  the  air  than  do  drum-wound  armatures,  for  it  is 
not  only  the  outer  cylindrical  surface  which  is  to  be  consid- 
ered, but  likewise  the  ends  of  the  cores  and  all  exposed  por- 
tions of  the  winding.  The  inner  turns  of  the  ring  armature 
are  not,  however,  as  efficient  in  dissipating  heat  as  the  outer 
turns. 
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SPEED  OF  ARMATURE. 

3549.  In  Fig.  1347  are  given  the  peripheral  speeds  of 
armatures  in  feet  per  minute.  Curve  B  shows  the  speeds 
adopted  by  a  well-known  manufacturer  for  dynamos  of 
h  kilowatt  to  about  10  kilowatts,  all  of  bipolar  construction. 
The  general  range  of  larger  machines  is  from  2,800  to 
3,  GOO  feet  per  minute,  as  indicated  on  curve  C.  It  need  not 
be  considered  indispensable  that  a  steady  increase  of  speed 
should  accompany  increase  in  size.  Some  manufacturers 
adopt  a  fixed  peripheral  velocity  which  is  adhered  to 
through  a  wide  range;  for  the  smaller  sizes,  up  to,  say,  25 
horsepower,  the  velocity  may  be  3,100  feet  per  minute,  and 
for  all  larger  machines  a  velocity  of  about  3,500  feet  per 
minute.  All  these  figures  are  for  the  usual  high-speed  type 
of  dynamo;  the  moderate-speed  type  is  run  at  about  two- 
thirds  of  the  above  velocity. 

Large  direct-connected  multipolar  dynamos  of  100  kilo- 
watts and  upwards  have  usually  a  peripheral  velocity  of 
2,200  to  2,500  feet  per  minute,  as,  for  instance,  those  built 
by  the  General  Electric  Company.  Railway  generators  for 
belt-driving  are  frequently  designed  for  a  surface  speed  of 
5,000  feet  per  minute;  the  pulleys,  however,  should  be  of 
smaller  diameter  than  the  armatures,  as  the  belt  should  not 
run  at  a  higher  speed  than  about  4,500  feet  per  minute. 
The  adoption  of  a  high  peripheral  speed  for  the  armature 
is  to  be  commended,  on  account  of  a  reduction  in  weight 
for  a  given  output;  but  due  consideration  must  be  given  to 
mechanical  strength.  A  very  high  speed  also  demands  very 
careful  balancing  of  the  rotating  parts,  in  order  to  avoid 
injury  to  the  insulation  through  vibration. 


HEATING  OF  FIELD  SPOOLS. 
3550<.  The  field  spools  of  the  dynamo  must  be  designed 
with  a  view  to  presenting  sufficient  surface  to  the  air  to  dis- 
sipate the  heat  developed.  The  ends  of  the  spool  assist 
materially  in  radiating  heat,  as  does  also,  to  some  extent, 
the  inner  surface  which  lies  against  the  magnet  core.     A 
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useful  formula,  taking  into  account  the  cooling  effect  of  a 
little  space  at  least  on  one  side  between  the  spool  and  mag- 
net, is  the  following: 

^  =  -7-,  (560.) 

where  /  =  temperature  rise  of  spool  in  degrees  Fahrenheit; 
w.  =  watts  expended  in  coils; 
s  =  surface  of  spools  (wire  only)  in  square  inches. 

Expressed  in  words,  this  formula  states  that  t/ic  rise  in 
temperature  of  the  field  spools  is  equal  to  80  times  the  ivatts 
expended  in  the  eoils,  divided  by  the  exposed  surface  of  the 
zvire  in  square  inehes. 

With  a  permissible  rise  in  temperature  of  75°  or  80°  F.,  it 
will  be  found  that  about  1.1  square  inches  per  watt  will  be 
required.  Such  a  proportion  is,  in  fact,  frequently  used, 
although  it  is  perhaps  a  better  plan  to  allow  1.5  or  2  square 
inches  per  watt,  because  the  lesser  rise  in  temperature  thereby 
occasioned  will  cause  less  variation  in  the  exciting  current 
during  the  time  when  the  machine  is  slowly  warming  up.  In 
any  case,  it  must  be  remembered  that  the  shape  of  the  spools 
and  their  position  with  regard  to  neighboring  portions  of  the 
magnetic  circuit  will  have  considerable  influence  in  deter- 
mining the  allowable  surface  of  winding.  The  formula 
given  above  refers  to  magnet  spools  as  ordinarily  con- 
structed. It  is  also  most  important  that  the  depth  of  wind- 
ing should  not  be  too  great — not  over  2^  inches,  as  a  rule — 
as  the  temperature  of  the  inner  turns  may  otherwise  become 
very  high.  For  small  machines  the  usual  depth  of  winding 
is  considerably  less  than  this  figure,  being  from  1  inch  to 
1\  inches. 

3551.  The  advantage  attending  the  use  of  short  spools 
with  comparatively  small  winding  volume  is  that  a  compact 
magnetic  circuit  is  secured  and  the  weight  of  copper  is 
reduced.  On  the  other  hand,  since  a  given  magnetizing 
force  is  required,  the  ampere-turns  must  remain  the  same; 
if,  then,  the  number  of  turns  is  reduced,  the  current  must 
be  increased.      The  losses  are,  however,  proportional  to  the 
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square  of  the  current,  and  only  vary  directly  with  the  resist- 
ance; so  that  it  is  more  economical  to  reduce  the  current 
and  increase  the  resistance  than  the  reverse.  It  will  then 
be  seen  that  here  the  number  of  square  inches  of  winding 
surface  per  watt  lost  in  the  coils  is  a  compromise  between 
efficiency  of  the  machine  on  the  one  hand,  and  first  cost  of 
copper  on  the  other;  for  if  we  desire  the  loss  in  heating  to 
be  small,  we  must  use  a  greater  weight  of  wire.  It  will  be 
shown  in  the  following  pages  that  compromises  of  this  kind 
must  be  made  continually  through  the  entire  subject  of 
dynamo  design. 

3552.  In  shunt-wound  dynamos,  the  loss  of  energy  in 
the  field  winding  is  from  about  10  per  cent,  for  a  1  K.  W. 
machine  to  about  1.5  per  cent,  for  a  100  K.  W.  machine. 


ARMATURE  REACTION— SMOOTH  CORE. 


EFFECT  OF  ARMATURE  AMPERE:-TURNS. 

3553.     The  subject  of  armature  reaction  has  previously 
been  referred  to  in  a  general  way,  and  we  will  now  consider 


Pic.  1318. 


it  more  in  detail  with  reference  to  actual  design.  We  have 
seen  that  the  magnetic  effect  of  the  armature  ampere-turns 
is  at  right  angles  to  the  direction  of  the  lines  of  force  due  to 
the  field  winding,  so  that  a  cross-magnetization  is  produced. 
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For  the  purpose  of  studying  the  field  induced  by  the 
armature  current,  we  will  show  the  distribution  of  the  lines 
of  force  as  it  would  occur  if  the  disturbing  effect  of  the  field 
ampere-turns  were  not  present.  In  Fig.  1348  are  repre- 
sented the  armature  and  pole-pieces  of  a  bipolar  dynamo; 
the  conductors  are  indicated  by  the  small  circles  on  the 
periphery  of  the  armature,  and  the  direction  of  the  flow  of 
current  in  them  is  shown  by  their  marking,  the  cross  repre- 
senting a  current  flowing  upwards  through  the  paper,  and 
the  full  black  circle  representing  a  current  flowing  away 
from  the  observer.  The  lines  of  force,  it  will  be  noticed, 
spread  evenly  over  the  pole-pieces  and  complete  the  circuit 
through  the  iron  of  the  armature  core.  The  reluctance  of 
the  path  through  the  iron  of  the  pole-pieces  and  core  is 
almost  negligible,  compared  with  the  reluctance  offered  by 
the  air-gap,  so  that  it  is  evident  that  the  magnetomotive 
force  (M.  M.  F.)  of  the  armature  ampere-turns  is  almost 
wholly  expended  in  driving  the  lines  of  force  through  the 
air-gap.  The  greatest  difference  of  magnetic  potential  due 
to  the  armature  ampere-turns  is  at  the  pole-tips  at  nearly 
diametrically  opposite  points,  and  the  least  difference  of 
potential  is  at  the  horizontal  center  line,  where  it  is  reduced 
to  zero.  This  maximum  difference  of  magnetic  potential  is, 
then,  proportional  to  the  armature  ampere-turns,  or  to  the 
cross  M.  M.  F.,  and  may  also  be  expressed  in,  terms  of  any 
angle.     For  example, 

Let  ^=  current  flowing  through  armature; 

c  =  number  of  conductors  on  periphery  of  armature. 

Then,  for  any  angle  /,  Fig.  1350, 

C  I 

cross  M.  M.  F.  =  3.193  X  -r  X  r  X  77-77.. 

Since  the  greatest  magnetic  difference  of  potential  exists 
between  the  upper  and  lower  ends  of  the  pole-pieces,  that  is. 
at  opposite  ends  of  the  armature,  the  cross  M.  M.  F.  will  be 

3.193  X  ^  X  ^  X  ^-[J  =  3.193  X  ^.  (661.) 

3  360  4 
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This  cross  M.  M.  F.  may  be  considered  as  expending  nearly 
all  its  force  on  the  air-gaps  at  the  ends  of  the  pole-pieces,  at 
top  and  bottom,  since  the  effect  diminishes  to  zero  at  the 
horizontal  center  line,  provided  also  that  the  area  of  the 
pole-pieces  is  sufficiently  great  to  allow  of  practically  unob- 
structed passage  of  the  lines  of  force. 


EFFECT  OF  CROSS  AMPERE-TURNS. 

3554.  We  may  now  proceed  to  an  investigation  of  the 
effect  of  field  distortion.  Fig.  13-49  shows  the  resulting  field 
when  armature  ampere-turns  and  field  ampere-turns  are 
simultaneously  acting  upon  the  magnetic  circuit. 

The  direction  along  which  the  M.  M.  F.  of  the  armature 
ampere-turns  acts  is  shown  by  the  heavy  dotted  lines.  It 
will  be  seen  that  this  is  directly  opposed  to  the  M.  M.  F.  of 
the  field  ampere-turns  at  the  leading  pole  tips  a  and  ^,  with 
the  result  that  a  decided  neutralization  of  induction  occurs; 
but  at  the  following  pole  tips  c,  /"the  induction  is  strength- 
ened, because  the  two  M.  M.  F.'s  act  in  conjunction  and 
build  up  a  stronger  field.  It  should  be  pointed  out  that  the 
total  number  of  lines  of  force  in  the  air-gap  is  not  changed, 
but  their  distribution  is  altered,  so  that  the  density  varies 
accordingly. 

3555-  In  the  calculations  to  determine  the  ampere-turns 
necessary  for  the  field-magnets,  a  certain  number  is  taken  for 
each  portion  of  the  magnetic  circuit,  as  will  be  explained  in 
due  time.  Let  Atg  represent  the  field  ampere-turns  required 
to  overcome  the  reluctance  of  the  air-gaps  (twice  the  radial 
distance  from  pole-piece  to  core).  Then  the  M.  M.  F  at  one 
air-gap,  due  to  the  field  ampere-turns,  is  equal  to 

3.192x4^.  (562.) 

We  have  found,  however,  by  formula  561,  that  the  cross 
M.  M.  F.  of  the  armature  over  the  two  air-gaps  a  b  and  c  d  is 
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Cc 
3.192  X  -^;  therefore  the  cross  M.   M.  F.  for   one    air-gap 

will  be 

3.192  X  ^  X  -^  =  3.192  X  -g^.  (563.) 

The  algebraic  sum  of  these  two  equations  will,  then,  give 
us  the  resultant  M.  M.  F.  at  the  pole  tips.  We  must  have 
regard  to  the  sign  of  formula  563,  as  it  is  in  one  case  posi- 
tive and  in  one  case  negative.  At  the  upper  end  of  the  left- 
hand  pole-piece,  the  cross  M.  M.  F.  opposes  the  field  M.  M.  F., 
so  that  for  the  air-gap  a  b  ?i'i  the  leading  pole  tip  the  result- 
ant M.  M.  F.  is 

3.192  (^^-^").  (564.) 

At  the  lower  end  of  the  same  pole-piece,  the  M.  M.  F.'sare 
in  the  same  sense,  and  the  resultant  M.  M.  F.  for  the  air- 
gap  ^  ^  is 

3.192(4^+^).  (565.) 

3556.  From  the  above  equations  we  may  directly  obtain 
the  values  of  the  induction  in  the  air-gap,  since  it  is,  in  such 
a  case,  represented  by  the  M.  M.  F.  divided  by  the  length  of 
the  circuit.      Then, 

If         B'^  =  density  of  lines  of  force  per  square  inch  in 
leading  pole  tip; 
Ig  =  length  of  single  air-gap  in  inches, 

3.192  ('^^      ^'' 


(#-V1 


B',  =  ^ ^^ ^.  (566.) 

The  density  of  magnetic  lines  of  force  under  the  leading  pole 
tip  is  equal  to  3. 192  times  the  difference  betiuecn  tJie  field  ampere- 
turns  required  for  one  air-gap  and  one-Jialf  tJie  cross  ampere- 
turns  ^  divided  by  the  lengtJi  of  the  single  air-gap. 
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3557.     Also,  if  B'^,  =  density  of  the  following  pole  tip, 


B'.= 


(567.) 


The  density  of  the  magnetic  lines  of  force  imder  the  follow- 
ing pole  tip  is  equal  to  3.192  times  the  sum  of  tJie  field  ampere- 
turns  required  for  one  air-gap  and  one-half  the  cross  ampere- 
turns,  divided  by  the  length  of  the  single  air-gap. 


3558.  At  the  horizontal  center  line  it  has  been  shown 
that  the  cross  M.  M.  F.  is  zero;  therefore,  the  density  in  the 
air-gap  at  this  point  will  be  due  only  to  the  ampere-turns 
of  the  field.  Let  B„  represent  the  induction  at  the  center 
line;  then 

At„ 


3.192 


B.= 


3.1d2Atg 
2/„ 


(568.) 


That  is,  the  density  of  magnetic  lines  of  force  at  the  center 
of  the  pole-piece  is 
equal  to  3. 192  times 
the  field  ampere- 
turns  required  for 
the  gap,  divided  by 
twice  the  length  of 
(he  single  air-gap. 

3559.  The  air- 
gap  between  the 
armature  core  and 
the  right-hand  pole- 
piece  (Fig.  1349) 
may  be  considered 
in  exactly  the  same 
manner,  the  magnetic  density  being  least  at  the  leading  pole 
tip  e  and  greatest  at  the  following  pole  tip/". 


ili'linl'IMIj, ,•>::,, ,1,,^ 
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EFFECT   OF   BACK   AMPERE-TURNS. 

3560.  We  have,  thus  far  referred  only  to  the  effect  pro- 
duced by  the  cross  ampere-turns  of  the  armature.     It  is  not 

possible,  however,  to 
run  the  dynamo  with 
the  brushes  set  exactly 
midway  between  the 
pole  tips,  and  a  certain 
angle  of  lead  must  be 
given,  as  shown  in  the 
discussion,  in  a  previ- 
ous section,  of  the 
theory  of  the  dynamo. 
In  Fig.  1350  the  angle 
of  lead  =  r,  or  one-half 
the  angle  represented 
Fig.  1350.  by  2  r,  this   being  the 

angular  distance  through  which  the  brushes  must  be  moved  in 
order  to  obtain  sparkless  commutation.  The  turns  embraced 
within  twice  this  angle  r,  multiplied  by  the  current  which  each 
conductor  carries,  constitute  the  back  ampere-turns.  The 
direction  of  the  lines  of  force  induced  by  these  turns  is  indi- 
cated by  the  small  arrows  on  the  armature  core,  and  the 
direction  of  the  field  lines  of  force  is  shown  by  the  small 
arrows  on  the  pole-pieces.  It  is  evident,  then,  that  the  back 
ampere-turns  neutralize  a  certain  equal  number  of  ampere- 
turns  on  the  field-magnets,  so  that  this  must  be  borne  in 
mind  later,  when  the  total  field  ampere-turns  are  calculated. 

3561.  For  a  bipolar  dynamo,  the  value  of  the  current 

flowing  through   any    one  conductor   is  one-half   the  total 

armature  current,  there  being  only  two  circuits.     Also,  the 

number  of  conductors  enclosed  within  the  double  angle  of 

2  T 
lead  2  r  is  equal  to  — --  of  the   total  number,   since  r  is  ex- 
ooO 

pressed  in  degrees,  and  there  are  300  degrees  to  the  circle. 

Then  the  value  of  the  back  ampere-turns  of  the  armature 

C  r  c 


^'^  =  ¥X360X^ 


360' 


(569.) 
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where  C  =  total  armature  current  ; 

r  =  angle  of  lead  of  brushes  ; 
c  =  total  number  of  conductors. 

T/ic  back  ampere-turns  of  the  armature  of  a  bipolar  dynauio 
are  equal  to  the  armature  current  in  amperes  multiplied  by 
the  angle  of  lead  and  the  total  number  of  conductors^  and 
divided  by  360. 

VALUE  OF  CROSS  AMPERE-TURNS. 

3562.  The  cross  ampere-turns  are  included  within  the 
angle  /,  Fig.  1350,  which  is  equal  to  180°  —  2r,  that  is,  to 
the  whole  number  of  armature  ampere-turns  less  the  back 
ampere-turns.  We  may  then  write  the  following  expres- 
sion for  the  value  of  the  cross  ampere-turns  : 

where ,  C  =  total  armature  current  ; 

/  =  180°  less  twice  the  angle  of  lead  ; 

c  =  total  number  of  armature  conductors. 

The  cross  ampere-turns  of  the  armature  of  a  bipolar  dy- 
namo are  equal  to  half  the  armature  current  multiplied  by  the 
number  of  conductors  enclosed  within  an  aftgle  equal  to  180° 
less  twice  the  angle  of  lead. 

3563.  Although,  as  we  have  seen,  the  cross  ampere- 
turns  do  not  change  the  total  number  of  lines  of  force,  but 
only  deflect  them,  the  tendency  of  this  cross  M.  M.  F.  is  to 
weaken  the  field  at  the  leading  pole  tip  by  diverting  the 
lines  of  force  from  that  point.  A  certain  strength  of  field 
is,  however,  necessary  for  commutation,  so  that  there  exists 
in  all  cases  a  critical  value  of  cross  M.  M.  F.  beyond  which 
it  is  impossible  to  go  without  causing  destructive  sparking. 
We  have  found,  by  formula  561 ,  that  if  the  angle  embraced 
by  the  conductors  producing  the  cross  ampere-turns  is  180°, 

their  magnetomotive  force  =  3.192  X -s- X  ^  X  57rr.       If    we 
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now  substitute  for  180  the  angle  /,  the  M.  M.  F.  of  the  cross 

C  I 

ampere-turns  =  3.192  X  -rrX  c  X  Trrrpi,    and    this    M.  M.  F,  is 

4i  ooO 

expended  over  two  air-gaps,  one  at  the  upper  pole  tip  and 

the  other  at  the  lower  pole  tip.     The  value,  then,  of  the  cross 

M.  M.  F.  at  one  pole  tip  is 

If  this  value  should  equal  the  magnetomotive  force  of  the 
field  ampere-turns  of  the  air-gap,  the  field  at  this  pole  tip 
would  be  entirely  neutralized,  in  which  case  the  machine 
would  be  unworkable  owing  to  the  excessive  and  violent 
sparking  at  the  brushes.  It  follows,  therefore,  that,  for  the 
leading  pole  tip, 

3.192^"  >  ^-^^^  X  T><  I  ><  3^-  i^T^^') 

The  magnetomotive  force  of  the  field  ampere-turns  for  the 
single  air-gap  must  be  greater  tJian  the  magnetomotive  force 
due  to  one-Jialf  the  cross  ampere-turns  of  the  armature. 


LIMITING   VALUE  OF  AIR-GAP   DENSITY. 

3564.  We  may  also  specify  the  above  requirement  in 
terms  of  the  density  in  the  air-gap,  since  this  density  is 
equal  to  the  M.  M.  F.  divided  by  the  length  of  air-gap. 
The  following  value,  then,  must  be  a  positive  quantity  • 

B.m[^l._(^x:-x^)] 
b;  = !-? — V — ^_3o(Vj^        (5^3^^ 

where  B'j,  =  density  of  field  under  leading  pole  tip  ; 
Atg=  field  ampere-turns  required  for  air-gap  ; 
C   =  total  armature  current  ; 
c    =  total    number  of   conductors  on    periphery    of 

armature  ; 
/    =  180°  less  twice  the  angle  of  lead  ; 
/g    =  length  of  single  air-gap,  in  inches. 
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It  is  not  enough  to  make  this  equation  a  positive  quantity- 
only  ;  the  field  at  this  point  must  be  sufficiently  strong  to 
overcome  the  self-induction  of  the  coil  which  is  being  short- 
circuited  and  generate  in  it  a  current  in  the  opposite  direc- 
tion. To  ensure  satisfactory  working,  the  M.  M.  F.  in  the 
gap,  due  to  the  field,  should  be  at  least  1^  to  2  times  the 
cross  M.  M.  F.  applied  to  the  gap,  even  when  a  large  angle 
of  lead  is  employed.  It  might  appear  that  the  demagneti- 
zing action  of  the  back  ampere-turns  would  prevent  a  position 
of  sparklessness  being  found,  when  a  heavy  current  necessi- 
tated a  large  angle  of  lead;  but  it  must  be  remembered 
that,  as  the  back  ampere-turns  are  increased,  the  cross 
ampere-turns  are  decreased,  so  that,  although  the  field  is 
reduced  in  strength,  its  distribution  is  more  uniform.  A 
point  is,  therefore,  usually  found  where  the  reversing  field 
is  sufficiently  strong  for  commutation,  and  it  is  only  when 
an  excessive  current  is  taken  from  the  machine  that  the 
back  ampere-turns  weaken  the  field  to  such  an  extent  as  to 
preclude  sparkless  operation. 

3565.  A  further  disadvantage  of  a  weak  field  at  the 
leading  pole  tip  is  that  a  large  angle  of  lead  is  required, 
thereby  bringing  the  short-circuited  coil  very  close  to  the 
edge  of  the  pole-piece.  At  this  point  there  is  a  more  or 
less  abrupt  change  in  magnetic  density,  and  any  uneven 
spacing  of  the  conductors  will  cause  them  to  be  short- 
circuited  at  different  points,  relative  to  the  pole-piece, 
thereby  causing  sparking.  A  variation  in  load  will  also  be 
more  likely  to  give  rise  to  sparking  when  the  point  of  com- 
mutation is  under  the  pole  tip. 

3566.  We  will  now  find  it  convenient  to  introduce  an- 
other method  of  denoting  the  value  of  the  cross  ampere- 
turns.  The  back  turns  extend  only  to  the  point  where  com- 
mutation occurs,  and  this  is  at  the  entering  fringe  of  the 
pole-piece.  Then,  we  may  say  that  the  cross-turns  are 
those  conductors  which  lie  under  the  pole-piece  and  under  the 
magnetic  fringe  at  the  edges.  For  all  practical  purposes, 
we  may  designate  this  fringe  as  equal  to  about  four-fifths 
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of  the  length  of  the  air-gap.  The  value  of  the  cross 
ampere-turns  7^4  still  remains  the  same  as  in  formula  570, 
only  substituting  this  more  correct  definition  of  /,  which 
takes  into  account  the  commutating  fringe  and  dispenses 
with  the  reference  to  the  value  of  the  back  ampere-turns. 

3567.  We  have  said  that  the  M.  M.  F.  in  the  gap,  due 
to  the  field,  should  be  at  least  1^  to  2  times  the  cross 
M.  M.  F.  of  the  armature.  We  may  compare  the  ampere- 
turns  in  the  two  cases,  since  they  are  proportional  to  the 
magnetomotive  force.  The  field  ampere-turns  expended  in 
the  gap  (Alg)  take  into  account  both  the  air-gaps,  and  the 
cross  ampere-turns  {At^)  also  act  through  two  air-gaps,  at 
the  top  and  bottom  of  the  pole-pieces,  respectively  (see  Fig. 
1349).  Then,  we  may  say  that  the  field  ampere-turns  for 
the  air-gaps  must  be  1^  to  2  times  the  cross  ampere-turns. 
The  smaller  value  is  to  be  used  in  calculations  for  drum 
armatures,  and  the  larger  value  for  ring  armatures.  The 
difference  in  these  coefficients  is  due  to  the  fact  that  in  the 
ring  armature  there  is  a  greater  amount  of  self-induction  in 
the  coils  when  short-circuited,  and  this  requires  a  greater 
angle  of  lead,  thereby  reducing  the  total  effective  field  and 
requiring  at  the  same  time  a  more  powerful  field  for  rever- 
sal, with  the  same  number  of  conductors  and  coils  as  a 
drum  armature.  In  order  to  counteract  this  effect  as  much 
as  possible,  a  high  density  is  used  in  the  core  of  the  ring 
armature,  so  that  the  self-induced  current  can  not  reach  a 
high  value,  as  the  collapse  of  the  extra  lines  of  force,  due  to 
its  current  before  short-circuiting,  develops  only  a  low 
E.  M.  F.  Nevertheless,  the  self-induction  is  higher  than  in 
the  loop  of  a  drum  winding.  When  a  ring  armature  is  con- 
structed with  many  turns  to  a  section,  it  may  become  neces- 
sary even  to  exceed  the  figure  given.  Another  reason  call- 
ing for  a  higher  coefficient  in  the  case  of  ring  armatures  is 
that  the  extra  amount  of  lead  which  must  be  given  to  the 
brushes  would  bring  the  short-circuited  coils  very  near  to 
the  pole  tip,  where  the  change  in  magnetic  density  is  abrupt. 
To  avoid  this,  a  stronger  commutating  fringe  is  required. 
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Also  there  are  some  lines  of  force  which  leak  across  the  in- 
side of  the  core.  With  a  drum  winding,  these  lines  are  of 
no  account ;  but  they  cut  the  inner  turns  of  the  ring  coils, 
inducing  an  E.  M.  F.  which  opjK)ses  that  of  the  outer  turns. 


LIMITING   VALUES  OF    CROSS   AND   ARMATURE  AMPERE- 
TURNS,  DRUM   WINDING. 

3568.  Returning  to  the  consideration  of  the  cross 
ampere-turns,  we  have  found  that  they  should  be  limited  to 
a  value  equal  to  two-thirds  of  the  field  ampere-turns  re- 
quired for  the  air-gap  in  the  case  of  a  bipolar  drum  arma- 
ture; for  Afg  equals  1^  Af„  whence 

^/,  =  f^/,  =  ^,  (574.) 

where  At^^zz  cross  ampere-turns,  drum  armature; 

Atg  =  ampere-turns  of  field  required  for  two  air-gaps. 

For  a  drum-xvound  bipolar  armature^  tJu  limiting  value  of 
the  cross  atnpere-turns  is  the  value  they  have  when  they  are 
equal  to  two-thirds  the  field  ampere-turns  required  for  the 

air-gaps. 

3569.  We  may  here  introduce  an  expression  for  the 
total  ampere-turns  of  the  armature,  which  are  equal  to  the 
sum  of  the  cross  ampere-turns  and  the  back  ampere-turns; 
or,  the  armature  ampere-turns 

At^^At,-\-At^ 
We  have  seen  (formula  570)  that  the  cross  ampere-tums 
Af  -^  ^ 

then  formula  574  may  be  written: 

But  the  total  armature  ampere-turns  are  obviousiy  equal 
(for  a   bipolar  machine)   to  one-half  the  total  number  of 
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conductors  on  the  surface  of  the  armature  multiplied  by  the 
current  carried  by  each,  that  is,  by  one-half  the  total 
armature  current.     We  may  then  write 

^4=yx|.  (576.) 

Each  term  of  formula  575  may  be  divided  by  2,  so  that 

C        I        c      At„ 
2       360       2        3  ' 

C       c      At„      3G0      120  ^^„ 
whence  -.^ -= -^  y, -^  = —^. 

C       c 
Since  At^^  =;  —  x  ;^  (see  formula  576), 

^/„  =  1!2_^^.  (577.) 

The  maximum  number  of  ampere-turns  %vJiich  a  bipolar- 
driim  arjnature  may  carry  is  equal  to  120  times  the  field 
ampere-turns  required  for  the  air-gaps^  divided  by  the  angle 
embraced  by  one  pole-piece. 


LIMITING    VALUE    OF    CROSS    AlVD  ARMATURE  AMPERE- 
TURNS,  RING  WINDING. 

3570.  In  the  case  of  a  bipolar  ring-wound  armature,  we 
liave  seen  (Art.  3564)  that  the  field  ampere-turns  required 
for  the  air-gap  must  be  equal  to  twice  the  cross  ampere- 
turns.     Then, 

^^0  =  ^%  (578.) 

where  At^  =  cross  ampere-turns,  ring  armature; 

At„  =  ampere-turns  of  field  required  for  two  air-gaps. 

for  a  ring-wound  bipolar  armature,  the  limiting  value  of 
the  cross  ampcre-ticrns  is  zvhen  they  are  equal  to  one-Jialf  the 
field  ampere-turns  required  for  the  air-gaps. 

3571.  In  the  same  manner  as  has  already  been  proved, 
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it  may  be  shown  that  the  cross  ampere-turns  are  equal  to 

C         I 

—  X  tt-tt:  X  c^  and,  therefore,  that 
2        300 

.^         C       c       At^       3G0       90yi/„  /-«-^x 

^'''  =  -2-^2=Y'^-r=-T-        (^^^-^ 

That  is,  tJie  viaximum  number  of  ampere-turns  which  a 
bipolar  ring  armature  may  carry  is  equal  to  90  times  the 
field  ampere-turns  required  for  the  air-gaps^  divided  by  the 
angle  embraced  by  one  pole-piece. 

3572.  For  the  same  total  number  of  conductors  on  the 
periphery  of  the  armature,  the  ring-armature  core  carries 
twice  as  many  ampere-turns  as  the  drum-armature  core.  It 
must  be  remembered,  however,  that  the  density  of  the  lines  of 
force  due  to  these  turns  would  remain  the  same;  so  that,  if 
the  two  cores  were  of  the  same  cross-sectional  area,  as,  for 
instance,  in  the  annular  construction  of  core  disks,  the  in- 
duction would  be  the  same  in  both  cases.  As  another  ex- 
ample, suppose  a  magnet  requires  500  ampere-turns  to 
develop  an  induction  of  50,000  lines  of  force  per  square  inch, 
and  it  is  then  split  in  two  longitudinally ;  each  of  the  separate 
parts  will  require  500  ampere-turns  to  give  the  same  density 
of  lines  of  force  as  before. 


LIMITING  VOLUME  OF  CURRENT. 

3573.  For  the  purpose  of  determining  the  maximum 
possible  output  of  a  dynamo,  we  will  adopt  an  expression  for 
the  total  amount  of  current  which  the  armature  carries. 
Let  c  =  number  of  conductors  on  periphery  of  armature, 
and  C  =  current  flowing  in  each  conductor.  We  will  call 
the  whole  sheet  of  current  flowing  across  the  armature  the 
volume  of  current,  and  represent  it  by  the  letter  V, 
Then, 

F=  Cc.  (580.) 

TJie  volume  of  current  is  equal  to  the  current  fiowing  in  one 
conductor  multiplied  by  the  tt umber  of  conductors  on  tJu 
periphery  of  the  armature. 
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3574.  We  may  arrive  at  once  at  a  figure  for  the  value 
of  V  for  bipolar  armatures.  We  have  seen,  by  formula 
576,  that  the  ampere-turns  of  the  armature  are  equal  to 
one-half  the  total  number  of  conductors  multiplied  by  the 

C      c 

current  carried  by  each,  that  is,  equal  to  —-  X  x-.      But   in 
^  (*        2 

this  case,  -—  =  C,  so  that  the  armature  ampere-turns 

By  formula  580,  V~C'c\ 
therefore,  V=%At^.  (581.) 

We  have  seen,  by  formula  577,  that  for  a  bipolar  drum 
winding  the  armature  ampere-turns  may  have  a  maximum 

value  of -, — 2  J  wherefore, 

r=?^.         (582.) 

The  maximum  volume  of  current  which  a  drum  armature 
may  carry  is  equal  to  2^0  times  the  field  ampere-turns  re- 
quired for  the  air-gapSy  divided  by  the  angle  embraced  by  one 
pole -piece. 

3575.  We  have  also  found,  by  formula  579,  that  for  a 
bipolar  ring  winding  the  armature  ampere-turns  may  have 

a  maximum  value  of  — -. — ^;  wherefore, 

K=  i^^.  (583.) 

The  maximum  volume  of  current  which  a  ring  armature 
may  carry  is  equal  to  180  times  the  field  ampere-turns  re- 
quired for  the  air-gaps y  divided  by  the  angle  embraced  by  one 
pole -piece. 

3576.  It  will  be  noticed  that  in  expressing  in  words  the 
above  formulas  (582  and  583)  for  volume  of  current,  we 
have  omitted  mention  of  the  term  "bipolar."  It  will  be 
shown  presently  that  these  formulas  are  true,  not  only  for  bi- 
polar machines,  but  also  for  those  of  multipolar  construction. 
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ARMATURE   AMPERE-TL  RXS  ;    MtLTII'OLAR   nVNAMO. 

3577.  In  Fig.  1351  the  cross  turns  on  a  multipolar 
armature  are  shown  by  the  full-line  curves,  and  the  back 
turns  are  repre- 
sented by  the  dotted 
curves.  The  same 
notation  is  used  as 
in  the  case  of  the 
bipolar  armatures, 
2r  being  the  double 
angle  of  lead  and  / 
the  angle  embraced 
by  one  pole-piece. 
The  cross  ampere- 
turns  and  back  am- 
pere-turns together 
constitute  the  arma- 
ture ampere-turns, 
as  before;  that  is, 
At,  +  At,  =  At,. 
The  cross  ampere- 
turns,  by  formula  570,  are  equal  to^  X  777^  X  ^;-^,  being 

one-half  the  armature  current,  represents  the  current 
carried  by  the  conductor,  so  that  we  may  substitute  C\  and 
rewrite  formula  570  thus: 


^^-^'X3G0><"' 


(584.) 


where  Atc=  cross  ampere-turns; 

O  =  current  carried  by  each  conductor; 
/    =  angle  embraced  by  pole-piece; 
c    =  total  number  of  conductors. 

T/ie  cross  ampere-turns  arc  equal  to  the  current  carried  by 
one  conductor  multiplied  by  the  number  of  conductors  within 
the  polar  embrace. 
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3578.  The  back  ampere-turns  may  in  like  manner  be 
written 

A/,=  C'x^Xc.  (585.) 

T/te  back  ampere-turns  are  equal  to  the  current  carried  by 
one  conductor  multiplied  by  the  mimber  of  conductors  enclosed 
within  the  double  angle  of  lead. 

3579.  In  the  case  of  a  bipolar  dynamo,  the  sheet  of 
current  on  one  side  of  the  armature,  that  is,  opposite  one 
pole-piece,  constituted  the  armature  ampere-turns,  and  com- 
prised the  cross  ampere-turns  and  the  back  ampere-turns. 
In  the  case  of  a  multipolar  dynamo  the  same  reasoning  holds 
good,  and  the  armature  ampere-turns  y^/,(  ==  At^-\-  Atf,.  The 
armature  ampere-turns  are  also  evidently  equal  to  the  cur- 
rent in  one  conductor  multiplied  by  the  number  of  conduct- 

C'  c 
ors  per  pole-piece;  that  is,  At„=:  —jy,  where  P=  number  of 

poles.     We  have  seen,  by  formula  580,  that  C  c  is  equal  to 
the  volume  of  current  F,  so  that  we  may  say 

At,^^.  (586.) 

The  maximum  number  of  ampere-turtis  which  an  armature 
may  carry  is  equal  to  the  volume  of  curretit  flowiiig  through 
the  conductors  divided  by  the  number  of  field-magnet  poles. 

This  formula  is  true  of  all  machines,  whether  bipolar  or 
multipolar,  and  whether  the  winding  be  in  many  parallel 
circuits  or  whether  it  form  a  two-circuit  series,  or  wave, 
winding. 

3580.  If  a  parallel  or  multiple-circuit  winding  is  used, 

the  current  in  each  conductor  is  equal  to  the  total  current 

divided  by  the  number  of  poles,  for  there  is  one  circuit  for 

C 
each  pole-piece;  thus,  C  =  -p.     In  the  case  of  a  two-circuit 

winding,  the  current  C  in  any  conductor  is  one-half  the 
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C 
armature  current;  or  6"'  =  — .     Then,  for  a  multiple-circuit 

winding,  the  armature  ampere-turns 

.        _C'C_C  C    _CC  /-o-T   \ 

The  armature  ampere-turns  for  a  multiple-circuit  luinding 
are  equal  to  the  armature  current  multiplied  by  the  number  of 
conductors^  and  divided  by  the  square  of  the  number  of  poles. 

3581.  For  a  two-circuit  winding, 

At^  =  —p- ~  "2"  X  75"  —  YP'  (588.) 

TJu  armature  ampere-turns  for  a  two-circuit  winding  are 
equal  to  the  armature  current  multiplied  by  the  number  of 
conductors^  and  divided  by  twice  the  number  of  poles. 

3582.  Since  the  same  number  of  magnetizing  ampere- 
turns  are  used  on  the  field  whether  the  winding  be  multiple 
or  two-circuit,  the  above  values  of  the  armature  ampere- 
turns  (formulas  587  and  588)  must  be  the  same  in  each 
case.  That  it  actually  is  so  may  be  proved  by  a  simple  ex- 
ample. Let  us  take  a  6-pole  dynamo  with  90  conductors 
on  the  armature,  and  let  us  suppose  a  current  of  10  amperes 
to  flow  through  any  one  conductor.  Then,  for  a  multiple- 
circuit  winding,  there  will  be  6  circuits;  the  armature  cur- 
rent C  will  be  60  amperes;  the  number  of  poles  /*will  be  G; 
the  number  of  conductors  c  will  be  90.  By  formula  587, 
the  armature  ampere-turns 

For  a  two-circuit  winding,  the  armature  current  will  be 
2  X  10  =  20  amperes,  and  by  formula  588  the  armature 
ampere-turns 

At   -^'^  _20X90_ 
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We  may  also  apply  formula  586  to  this  case,  and  we 
have 

^,„  =  ^  =  ^  =  l^  =  „o. 

3583.  The  maximum  value  which  the  cross  ampere- 
turns  may  have  is  found  by  the  same  formula  as  was  applied 
to  bipolar  dynamos.     For  a  drum-wound  armature,  formula 

At 
574  shows  that  AL  =  ---^.     By  formula  584,  we    know 

1.0 

that  At^=  C  X  Trjrr  X  c;  therefore, 

^   f  i  Aig 

C'c  _At^      3G0  _  240  Atg 
P   ~  \.b^  PL~      PL     ' 

C'c 
We  have  seen  that        At^  =  —p-\ 

then,  ^C  =  ^'. 

V 
By  formula  586,  At^  =  -jy', 


therefore,  V  =^ 


P 

249  Atg 
7 


3584.  In  the  same  manner,  the  maximum  value  of  the 
volume  of  current  for  a  ring-wound  multipolar  armature  is 

found  to  be  F  =  — — -. — ^. 

It  must  be  remembered  that  these  values  for  the  volume 
of  current  are  not  to  be  exceeded,  and  a  margin  should  be 
allowed,  suited  to  the  work  required  of  the  m.achine,  for 
cases  of  temporary  overload. 

3585.  By  the  above  formulas,  which  are  identical  with 
formulas  582  and  583,  it  will  be  seen  that  the  permissible 
volume  of  current  varies  directly  as  Atg,  the  field  ampere- 


DYNAMO-ELECTRIC  MACHINE  DESIGN.  2415 

turns  required  for  the  air-gaps,  that  is  to  say,  as  the  length 
and  density  of  the  air-gap — but  inversely  as  the  polar  em- 
brace. 

This  latter  is  generally  of  an  average  value  in  bipolar 
dynamos,  so  that  the  volume  of  current  is  affected  only  by 
the  length  and  density  of  the  air-gap.  In  this  type  of 
machine,  therefore,  increased  capacity  may  be  obtained  by 
increasing  the  size  of  the  armature;  but  a  longer  air-gap  or 
a  greater  density  must  also  be  provided  to  overcome  the 
effect  of  the  increased  volume  of  current.  With  a  multi- 
polar field,  however,  the  angle  of  polar  embrace  may  be 
reduced,  so  that  the  same  armature  may  be  made  to  furnish 
a  greater  output,  although  both  the  length  and  the  density 
of  the  air-gap  remain  the  same. 


CURRENT  DENSITY  IN  ARMATURE 
CONDUCTORS. 
3586.  The  current  densities  used  in  armature  con- 
ductors vary  within  considerable  limits,  some  makers  pre- 
ferring to  keep  to  a  low  value  and  others  using  high 
densities.  Much  depends  upon  the  mechanical  construction 
of  the  winding  and  upon  provision  for  ventilating,  also 
upon  the  conditions  under  which  the  machine  will  operate. 
In  ordinary  cases  it  is  not  usual  to  go  below  600  circular 
mils  per  ampere,  and  GOO  to  700  is  a  safe  figure.  For  special 
purposes,  a  density  of  500  circular  mils  per  ampere  may  be 
used,  and  again,  when  conditions  are  such  that  a  heavy 
overload  is  to  be  carried  at  times,  or  the  temperature  of  the 
engine  room  is  very  high,  a  density  of  1,000  circular  rails 
per  ampere  may  be  employed. 


ARMATURE  REACTION— SLOTTED  CORES. 
3587,     Many  devices  have  from  time  to  time  been  sug- 
gested for  eliminating  armature  reaction ;  but  an  effective 
method  of  reducing  it,  and  one  which  is  universally  used,  is  to 
construct  the  armature  core  of  slotted  disks.     The  different 
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forms  of  teeth,  due  to  this  slotting,  will  be  described  in 
their  proper  place,  but,  for  the  present,  we  will  consider  a 
representative  form,  as  shown  in  Fig.  1352. 

The  teeth  i,  /,  etc.,  taper  somewhat  towards  the  root,  as 
the  slots  between  them  must  be  parallel,  to  allow  of  sym- 
metrical winding.  With  this  construction  of  core,  it  will  be 
seen  that  the  density  of  the  lines  of  force  in  the  teeth  must 
be  considerably  greater  than  the  density  in  the  air-gap,  and, 
in  fact,  a  very  appreciable  reluctance  is  thus  added  to  the 
magnetic  circuit.     The  density  is  usually  carried  to  100,000 


Fig.  1352. 

lines  per  square  inch,  or  more,  so  that,  saturation  being  so 
nearly  attained,  the  effect  of  the  cross  ampere-turns  of  the 
armature  is  far  less  noticeable.  This  saturation  of  the 
teeth,  by  introducing  reluctance  into  the  magnetic  circuit, 
obviates  the  necessity  for  a  large  air-gap  between  the 
armature  core  and  the  pole  face.  The  clearance  is  then 
determined,  not  only  by  the  relation  of  the  cross  ampere- 
turns  acting  on  the  air-gap  to  the  field  ampere-turns 
required  for  the  air-gap,  but  also  by  the  effect  produced  on 
the  magnet  faces  by  the  moving  teeth. 
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In  considering  armature  reaction  with  reference  to  slotted 
cores,  we  can  allow  a  larger  volume  of  current  than  could  be 
permitted  with  a  smooth  core,  on  account  of  distortion  of 
the  field  being  so  much  less,  and  conditions  favorable  to 
satisfactory  results  will  usually  be  secured  by  allowing  suf- 
ficient cross-section  in  the  armature  conductors  and  a  high 
density  in  the  armature  teeth,  together  with  a  well-propor- 
tioned air-gap.  In  general,  we  may  allow  a  volume  of  cur- 
rent equal  to  about  1^  times  that  carried  by  a  smooth-core 
armature  of  the  same  class. 


LENGTH   OF  AIR-GAP. 

3588.  Fig.  1353  shows  the  distribution  of  lines  of  force 
along  the  pole  face.  It  will  be  seen  that  the  induction  is 
not  even,  but  is 
more  dense  opposite 
the  teeth.  When 
the  armature  is  re- 
volved, the  rapid 
changes  of  magnet- 
ization produced  by 
the  motion  of  the 
teeth    result  in  the       ^  V-i  t-J  /7  /  /^ 

heating  of  the  pole  ^^ 

r  1  ^-  Fig.  1353. 

faces  by  generation 

of  eddy  currents.  The  eddy-current  loss  may  assume  serious 
proportions  when  the  changes  in  magnetic  density  are  Large. 
When  the  air-gap  is  long,  that  is,  when  the  distance  from 
the  surface  of  the  teeth  to  the  pole  face  is  great  as  compared 
with  the  width  of  the  slot,  the  lines  of  force  spread  out  and 
the  density  at  the  pole  face  becomes  more  uniform.  It  will 
be  evident  that  the  ratio  of  length  of  air-gap  to  width  of  slot 
must  vary  somewhat,  according  to  the  density  in  the  air- 
gap,  a  higher  density  requiring  a  longer  air-gap  for  the  same 
width  of  slot.  In  small  dynamos  the  density  in  the  air-gap 
is  rarely  over  32,000  lines  of  force  per  square  inch,  and  in 
such   cases  the  length  of  air-gap  should  be  not  less  than 


1/.  /■ 


2418  DYNAMO-ELECTRIC  MACHINE  DESIGN. 

one-third  the  width  of  the  slot.  For  higher  densities,  this 
length  of  air-gap  is  not  sufficient;  in  large  machines  the  den- 
sity may  be  carried  even  as  high  as  60,000  lines  of  force  per 
square  inch,  and  in  that  case  the  length  of  air-gap  should  be 
more  than  one-half  the  width  of  slot,  while  for  an  inter- 
mediate value,  such  as  50,000  lines  per  square  inch,  it  will 
be  safe  to  make  the  length  of  air-gap  equal  to  one-half  the 
width  of  slot. 

3589.  We  will  repeat  the  above  determinations  in  the 
shape  of  a  formula  for  more  ready  reference. 

Let  /  =  length  of  single  air-gap  (see  Fig.  1353) ; 

7f  =  width  of  armature  slot  (see  Fig.  1353). 

Then,  for  densities  approximating  32,000  lines  of  force  per 
square  inch, 

/>y.  (589.) 

The  IcngtJi  of  the  single  air-gap  must  be  greater  than  one- 
third  the  tvidth  of  slot,  tvhen  the  air-gap  density  is  about 
32,000  lines  of  force  per  square  inch. 

3590.  For  densities  approximating  50,000  lines  of  force 
per  square  inch, 

/=^.  (590.) 

The  length  of  the  single  air-gap  should  be  equal  to  one-half 
the  width  of  slot,  wJieii  the  air-gap  density  is  about  50,000 
lines  of  force  per  square  incJi. 

3591.  Also,  for  high  densities, 

l>j.  (591.) 

The  lefigth  of  the  single  air-gap  must  be  greater  than  one- 
half  the  widtJi  of  slot,  xvJien  the  air-gap  density  is  about 
60,000  lines  of  force  per  square  inch. 
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ARMATURE  REACTION— CONSTANT-CURRENT 
DYNAMOS. 
3592.  We  may  compare  some  of  the  foregoing  prin- 
ciples with  reference  to  their  application  to  constant-current 
dynamos.  In  these  machines  armature  reaction  is  made  use 
of  as  a  regulating  influence,  so  that  it  is  not  advisable  to 
counteract  it,  as  in  the  case  of  constant-potential  dynamos. 
The  armature  ampere-turns  have  almost  as  high  a  value  as 
the  field  ampere-turns,  so  that  any  increase  of  current  will 
produce  considerable  distortion  and  even  induce  a  partly 
negative  field  by  reason  of  the  lines  of  force  crossing  the  in- 
tervening space  between  the  magnet  poles  and  entering  the 
armature.  When  a  constant-current  dynamo  is  short-cir- 
cuited, a  rise  of  current  takes  place;  but  its  value  can  not 
increase  to  a  dangerous  extent  before  the  field  is  completely 
neutralized  and  the  current  dies  out.  A  constant-current 
dynamo  is,  therefore,  radically  different  from  a  constant- 
potential  dynamo,  and  in  some  respects  a  good  design  for 
the  former  type  of  machine  would  prove  an  exceedingly  poor 
design  for  the  latter.  The  field-magnets  of  an  arc  dynamo 
are  large  in  area  at  the  air-gap,  and  present  a  weak  field, 
which  is  very  susceptible  to  effects  of  armature  reaction ;  on 
the  other  hand,  as  we  have  seen,  the  field  of  a  constant- 
potential  dynamo  is  strong,  being  designed  to  resist  distor- 
tion by  the  armature  current. 


SMOOTH  AND  SLOTTED  ARMATURES. 
3593.  Both  smooth-core  and  toothed-core  armatures 
have  special  features  which  make  it  desirable  or  necessary 
to  use  one  or  the  other  form  in  any  particular  case.  The 
distinguishing  characteristic  of  the  toothed  armature  is  its 
small  armature  reaction ;  so  that  when  carbon  brushes  are 
used  to  take  off  the  current,  it  does  not  become  necessary  to 
change  the  angle  of  lead  for  variations  in  load,  as  the  high 
resistance  of  carbon  will  effect  sparkless  commutation  under 
these  conditions,  as  already  explained  in  Arts.  31  lO  to 
3112.     Further,  since  the  smooth-core  armature  requires 


2420  DYNAMO-ELECTRIC  MACHINE  DESIGN. 

that  the  position  of  the  brushes  be  changed  for  every  change 
of  load,  it  will  be  at  once  understood  wherein  lie  the  special 
applications  of  the  two  types  of  machines.  For  electric- 
lighting  dynamos,  where  the  load  comes  on  at  a  steady  rate, 
without  sensible  fluctuations,  and  always  at  the  same  hour 
of  day,  the  smooth-core  armature  is  preferable;  but  in  rail- 
way central-station  work  the  load  is  constantly  varying, 
sometimes  within  very  wide  limits,  and  as  it  is  impossible 
to  move  the  brushes  to  suit  such  a  load,  the  toothed  armature 
is  adopted  for  these  machines.  It  may  further  be  said 
that  for  this  class  of  work  the  toothed  armature  must  be 
used.  It  might  be  supposed  that  the  advantages  of  a  stiff 
field,  that  is,  a  field  free  from  distortion,  would  be  so  evi- 
dent that  a  toothed  armature  should  be  used  under  all  cir- 
cumstances. This  form  of  armature  has,  however,  its 
disadvantages.  The  coils  being  wound  between  projecting 
iron  teeth,  considerable  self-induction  occurs  when  the  coils 
are  short-circuited,  which,  of  course,  tends  to  produce 
sparking.  This  effect  may  be  counteracted  to  a  large  extent 
by  making  the  density  in  the  teeth  very  high.  There  will  then 
be  less  change  in  the  number  of  lines  of  force  when  a  coil  is 
short-circuited  at  the  leading  pole  tip,  owing  to  the  satura- 
tion of  the  tooth  by  lines  of  force  from  the  field-magnet. 
In  a  smooth-core  machine,  comparatively  little  self-induction 
is  present,  and  since  in  an  electric-light  station  an  attend- 
ant is  always  at  hand,  the  brushes  can  easily  be  adjusted,  at 
intervals,  to  the  load  as  it  rises  or  falls. 

3594.  For  electroplating,  where  heavy  currents  are  car- 
ried, it  is  important  that  the  self-induction  should  be  kept 
as  low  as  possible,  and  smooth-core  machines  are  therefore 
used  for  this  work. 

3595.  In  a  toothed-core  armature  the  lines  of  force 
snap  suddenly  across  the  intervening  spaces  between  the 
teeth,  so  that  eddy  currents  are  almost  entirely  eliminated 
in  the  conductors.  In  smooth-core  machines,  on  the  other 
hand,  the  conductors  come  more  gradually  under  the  influ- 
ence of  the  pole-piece,  so  that  if  they  have  much  width,  eddy 
currents  are  set  up  in  them,  and  the  loss  due  to  this  cause 
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may  even  in  some  cases  be  as  great  as  the  armature  C^  R 
loss.  When  the  conductors  on  a  smooth-core  armature  must 
necessarily  be  of  large  area,  in  order  to  carry  the  current, 
they  may  be  stranded  and  twisted  into  a  cable,  or  they  may 
be  twisted  once  at  a  point  midway  across  the  armature  face» 
so  that  the  strand  which  is  the  first  to  enter  under  the  pole  tip 
at  one  portion  of  the  active  length  shall  be  the  last  to  enter  at 
the  second  portion.  This  will  prevent  longitudinal  currents 
being  setup  in  the  different  strands,  which,  being  connected 
together  at  the  ends,  would  form  closed  loops  in  which  a  cur- 
rent would  circulate  when  the  conductor  was  entering  under 
or  leaving  the  pole  tips. 

3596.  A  considerable  advantage  offered  by  the  toothed- 
core  construction  is  that  the  conductors  are  driven  positively 
and  directly  by  the  projecting  teeth,  making  a  specially  val- 
uable construction  for  cases  in  which  an  essential  require- 
ment is  that  a  powerful  torque  shall  be  exerted.  In  the 
smooth-core  winding,  the  conductors  may  be  prevented  from 
slipping  by  the  insertion  of  driving  pins;  but  this  method 
of  building  can  not  be  used  when  heavy  loads  are  fre- 
quently applied.  Another  advantage  of  the  toothed  arma- 
ture is  the  ease  of  ventilating,  for  the  armature  core  is 
exposed  at  the  teeth,  and  ventilating  spaces  may  be  provided 
which  conduct  streams  of  air  radially  through  the  core. 
The  smooth-core  armature  being  entirely  covered,  this  sys- 
tem of  ventilation  can  not  be  followed. 

3597.  The  toothed  armature  requires  somewhat  less 
ampere-turns  for  the  air-gap  and  teeth  than  the  smooth-core 
armature  for  the  air-gap;  but  the  greater  advantage  lies  in 
the  lesser  distortion  of  the  field. 


MAGNETIC    DENSITIES. 


DENSITY   IX   TEETH. 

3598.  We  have  seen  that  there  are  two  reasons  which 
call  for  a  high  density  of  lines  of  force  in  the  teeth  of  a  slot- 
ted armature:  the  introduction  of  reluctance  into  the  mag- 
netic circuit  of  the  cross  ampere-turns,  and  the  dampening 
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of  self-induction  in  tlie  short-circuited  coils.  The  usual  den. 
sity  in  the  teeth  is  about  100,000  lines  of  force  per  square 
inch;  but  it  is  frequently  much  higher,  and  may  reach 
120,000  lines  per  square  inch. 

In  the  design  of  quite  small  dynamos  with  toothed  arma- 
tures, it  is  not  advisable  to  use  a  very  high  density  in  the 
teeth,  because  a  too  large  percentage  of  the  possible  output 
of  the  machine  will  be  required  to  maintain  the  field,  the 
efficiency  being,  at  the  best,  rather  low. 


DENSITY   IN  MAGNET  CORE. 

3599.  The  density  is  carried  to  a  rather  high  point  in 
the  field-magnet  core,  in  order  to  guard  against  instability 
of  E.  M.  F.  If  the  working  point  is  situated  below  the  knee 
of  the  curve,  any  slight  drop  in  speed  will  cause  an  appreci- 
able decrease  in  the  number  of  lines  of  force,  which  will  react 
on  the  armature  and  lower  the  E.  M.  F.  When  the  work- 
ing point  is  higher  up  on  the  curve,  slight  variations  in 
speed  are  not  so  noticeable.  It  is,  however,  sometimes  desir- 
able to  work  rather  low  on  the  curve,  in  order  to  allow  for 
the  effect  of  series  turns  in  compounding;  when  a  dynamo 
is  considerably  overcompounded,  it  becomes  necessary  to 
have  a  comparatively  low  density  at  no  load.  The  magnet 
cores  may  be  made  of  cast  iron,  cast  steel,  or  wrought-iron 
forgings.  Cast  iron  may  be  worked  up  to  about  40,000  or 
50,000  lines  per  square  inch,  although,  since  the  curve  of 
magnetization  is  rather  straight,  we  may  go  above  this  lat- 
ter point  when  necessary.  Cast  steel  and  wrought-iron  for- 
gings run  quite  close  together,  the  working  density  being 
about  95,000  to  105,000,  or  more,  lines  per  square  inch. 


DENSITY   IN   YOKE. 

3600.  The  density  in  the  yoke  should  not  be  as  great 
as  in  the  core,  as  there  would  be  too  much  energy  expended 
in  maintaining  the  field,  and  no  useful  purpose  is  served  by 
having  a  high  reluctance  in  this  part  of  the  magnetic  circuit. 
For  cast  iron,  the  density  should  be  about  30,000  lines  per 
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square  inch;  for  cast  steel,  about  75,000  lines  per  square 
inch;  and  for  wrought-iron  forgings,  about  85,000  lines  per 
square  inch.  

« 

DENSITY  IN  ARMATURE  CORE. 

3601.  It  is  well  to  keep  the  density  somewhat  lower  in 
the  armature  core  than  in  the  teeth,  in  order  to  avoid  loss 
due  to  hysteresis;  for  the  density  is  continually  changing 
from  zero  to  a  maximum  in  any  one  part  of  the  armature. 
The  lines  of  force  from  the  field-magnet  divide  where  they 
enter  the  core  and  pass  through  the  upper  and  lower  halves 
to  the  farther  pole-piece,  producing,  therefore,  a  minimum 
density  at  the  point  of  division  and  a  maximum  density  op- 
posite tire  neutral  space  between  the  poles.  The  density  in 
the  armature  core  may  be  taken  as  about  85,000  or  90,000 
lines  of  force  per  square  inch,  for  drum  armatures.  For 
ring  armatures  it  is  usual  to  adopt  a  higher  density,  for  the 
same  reason  that  the  teeth  should  be  saturated,  namely,  to 
prevent  the  generation  of  large  currents  due  to  self-induc- 
tion. The  same  values  for  density  may  then  be  taken,  that 
is,  from  100,000  to  110,000,  or  even  as  high  as  120,000,  lines 
of   force  per  square  inch. 


CALCULATION    OF    FIELD    AMPERE-TURNS. 

3602.  We  will  now  consider  the  calculation  of  the  am- 
pere-turns on  the  field-magnets.  Curves  of  magnetization 
and  of  permeability  have  already  been  given  in  the  section 
on  the  Principles  of  Electricity  and  Magnetism.  In  the 
design  of  dynamos  it  is,  however,  much  more  convenient  to 
replace  the  magnetizing  force  H  in  the  magnetization  curve 
by  the  ampere-turns  per  inch  length  of  circuit.  The  curve, 
with  this  modification,  is  laid  out  in  Fig.  1.354:,  and  the  re- 
([uired  value  of  the  ampere-turns  for  any  magnetic  circuit 
can  be  read  off  at  once,  being  simply  dependent,  for  any 
given  metal,  upon  the  length  of  circuit  and  the  density  of 
the  lines  of  force.  Suppose,  for  example,  a  wrought-ircn 
ring  has  a  circumference  of  G  inches,  and  a  cross-section  of 
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I  square  inch;  then,  to  produce  a  density  of  100,000  lines  of 
force  per  square  inch,  it  would  be  necessary  to  wind  on 
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137  X  G  =  822  ampere-turns.    The  figure  137  is  found  at  the 
intersection  of  the  ordinate  100,000  with  the  curve  marked 
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**  Wrought-Iron  Forgings,"  by  following  the  vertical  line 
downwards  to  the  lower  line  of  numbers. 

3603.  In  discussing  the  theory  of  the  dynamo,  we 
found  that  the  fundamental  equation  for  E.  M.  F.  is  based 
on  three  variables:  the  number  of  conductors  on  the  arma- 
ture surface,  the  number  of  lines  of  force  cut  by  those  con- 
ductors, and  the  speed  of  rotation  in  revolutions  per 
minute.  In  a  smooth-core  dynamo,  the  depth  of  armature 
winding  should  not  ordinarily  exceed  -^\  inch  or  f  inch,  as 
the  heat  generated  is  not  quickly  given  off  with  a  deep 
winding,  unless  special  ventilation  is  provided;  also,  the  area 
of  conductor  should  not  be  less  than  500  circular  mils  per 
ampere,  and  may  require  to  be  more  in  large  machines. 
Therefore,  the  number  of  conductors  for  any  particular 
armature  may  usually  be  closely  approximated  at  first,  and 
changed  subsequently  if  it  should  be  found  necessary.  In 
designing  a  dynamo  of  a  similar  type  to  some  already  built, 
it  is  usually  possible  to  determine  the  number  of  conductors 
at  once,  with  very  little  preliminary  work. 

3604.  The  diameter  of  the  armature  being  known 
from  the  space  occupied  by  the  winding,  the  revolutions  per 
minute  at  which  the  machine  should  run  may  be  determined 
as  soon  as  the  peripheral  speed  is  decided,  which,  as  we  have 
seen,  may  be  from  2,000  to  3,000  feet  per  minute.  In  the 
formula  for  electromotive  force  above  referred  to,  we  find, 
therefore,  that  the  number  of  lines  of  force  may  be  more  or 
less  accurately  predetermined.  It  then  remains  to  find  the 
number  of  field  ampere-turns  which  will  be  required  to  force 
these  lines  through  the  several  paths  composing  the  mag- 
netic circuit  of  the  dynamo. 

36()5.     These  paths  in  the  magnetic  circuit  may  be  di- 

Ivided  under  well-defined  heads,  namely,  the  magnet  cores, 
the  yoke,  the  pole-pieces,  the  armature  core,  the  teeth,  and 
the  air-gap.  An  additional  number  of  ampere-turns  must 
also  be  added,  to  counteract  the  effect  of  the  back  ampere- 
turns  of  the  armature. 


242G  DYNAMO-ELECTRIC  MACHINE  DESIGN. 


DESIGN  OF  12-HORSEPOW^ER  DYNAMO. 


ARMATURE  CONDUCTORS. 
3606.  For  purposes  of  illustration,  it  will  be  conve- 
nient to  consider  an  actual  example,  and  we  will  therefore 
work  out  the  field  ampere-turns  required  for  a  bipolar 
12-horsepower  dynamo,  shown  diagrammatically  in  Fig. 
1355.     This,  it  will  be  seen,  is  the  familiar  horseshoe  type  of 


Fig.  1355, 

machine,  with  the  armature  above  the  magnet  frame.  The 
field-magnets  are  wrought-iron  forgings,  fitted  closely  into  a 
cast-iron  yoke.  We  will  first  determine  the  size  of  con- 
ductor in  the  armature.  If  the  E.  M.  F.  is  to  be  115  volts, 
the  current  corresponding  to  12-horsepower  is  about  78 
amperes.  We  will  allow  for  a  supposed  field  loss  of  2  per 
cent.,  so  that  the  shunt  current  will  be  about  1.5  amperes. 
The  total  current  will  then  be  79.5  amperes.  We  will  sup- 
pose conditions  are  such  as  to  require  a  very  low  current 
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TABLE   no. 
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t:2 

Copper  Conductor. 

Single 

Cot  t  on-Covered 
Wire. 

Doable  Cotton-Covered 
Wire. 

o  t.  c 

J3  0  W 

„ 

■X 

^     » 

_  c 

■ 

1    ^  c 

^ 

-  =  i 

u 

5 

lift 

X    1" 

s— 

—  Si-" 

2  5^ 

is 
^1 

u 

He 

•J} 

2  *>  X 

^1 

H 

oooo 

460.000 

211,600.000 

0.04904 

472.000 

1.80 

3.60 

47S.00 

1.70 

3-21 

XJ 

40Q.600 

167,800.000 

0.06182 

1  423- 600 

2.08 

4.81 

429.00 

2.00 

4-44 

'M) 

364.800 

133,100.000 

0.07798 

376.SOO 

2.38 

6.29 

38400 

2.32 

5-93 

o 

324.900 

105,500.000 

0.09833 

1  336.900 

2.72 

8.22 

342.90 

2.65 

7.80 

I 

289. 300 

83,690.000 

0. 1 2400 

301.300 

3-07 

10.37 

307-30 

2-99 

9-93 

2 

257.600 

66,370.000 

0.15640 

269.600 

348 

13-45 

275-60 

336 

12.54 

3 

229.400 

52,630.000 

0.19720 

241.400 

4.00 

17-33' 

247.40 

3.80 

16.04 

4 

204. 300 

41,740.000 

0.24860 

216.300 

4-52 

22.70 

226.40 

4.28 

20.35 

5 

181.900 

33,100.000 

0.31330 

193-900 

5-05 

27.22 

207.90 

4-83 

25.92 

6 

162.000 

26,250.000 

0.39530 

172.000 

5.60 

34.84 

189.00 

5-44 

32.45 

7 

144.300 

20,820.000 

0.49840 

154.300 

6.23 

43.12 

173-30 

6.08 

41.07 

8 

128.500 

16,510.000 

0.62850 

137.500 

6.94 

53.51' 

157.50 

6.80 

51-33 

9 

114.400 

13,090.000 

0. 79200 

122.400 

7.68 

65.53 

142.50 

7-64 

64.96 

lO 

101.900 

10,380.000 

0.99950 

117.900 

8.55 

8l.22| 

127.90 

8.51 

80.47 

^u 

90.740 

8,234.000 

1.25900 

96.740 

g.6o 

102.40 

112.70 

9- 58 

101.97 

^K 

80.810 

6,530.000 

1.59000 

86.810 

10.80 

129.60 

94.80 

10.62 

125.30 

^n 

71.960 

5,178.000 

2.00400 

77.960 

12.06 

161.60 

80.96 

11.88 

156.80 

^E 

64.080 

4,107.000 

2.52700 

70.080 

13-45 

201.00 

73-08 

13.10 

190.70 

^K 

57070 

3,257.000 

3.IS600 

63.070 

14.90 

246.60 

66.07 

14.68 

239-40 

^K 

50.820 

2,583.000 

4.01800 

56.820 

16.60 

306.10 

59.82 

16.35 

300.00 

^E 

45260 

2,048.000 

5.06700 

51.260 

18.20 

368.10 

54.26 

18.08 

363.20 

^B 

40.300 

1,624.000 

6.38900 

46.300 

20.20 

448.00 

49.30 

19.90 

440.00 

^L 

35.890 

1,288.000 

8.29000 

41.890 

22.60 

567. 10 

44-89 

21.83 

528.50 

^E 

31-960 

1,022.000 

10.16000 

37.960 

25.30 

763.00 

40.96 

23.91 

634.80 

^B 

28.460 

810.100 

12.81000 

34.460 

28.60 

908.80 

37-40 

26.20 

762.70 

^B 

25- 350 

642.400 

16.17000 

31.350 

31.00 

i,o65.ooj 

29.12 

28.58 

907.00 

^■3 

22.570 

509.500 

20.370001 

28.570 

3430 

1,307.00! 

30.60 

31.12 

1,075.00 

H4 

20.100 

404.000 

25.69000 

26.100 

37-70 

1,579.00" 

28.10 

33-60 

1,254.00 

-5 

17.900 

320.400 

32.39000 

23.900 

41.50 

1,914.00] 

25-90 

36.20 

1,456.00 

26 

15.940 

254.100 

40.85000 

21.940 

45-30 

2,280.  OOj 

23-94 

3990 

1,770.00 

27 

14.200 

201.500 

51.50000 

20.200 

49.40 

2,711.00 
3,240.00 

22.20 

42.60 

2,016.00 

23 

12.640 

159.800 

64.94000 

18.640 

54.00 

20.64 

45- 50 

2,300.00 

29 

11.260 

126.700 

81.89000 

17.260 

58.80 

3,841.00' 

19.36 

48.00 

2,560.00 

30 

10.  30 

100.500 

103.20000 

16.030 

64.40 

4,608.001 

18.03 

51.10 

2.901.00 

31 

8.928 

79.700 

I 30. 20000 

14.930 

69.00 

5. 290.  OOj 

16.93 

56.80 

3.585.00 

%2 

7.950 

63.210 

164.20000 

13-950 

7500 

6,850.00, 

15-95 

6a  20 

4.027.00 

n 

7.080 

50.130 

207.  loooo! 

13.080 

81.00 

7,290.00! 

1508 

64.30 

4.59400 

u 

6.305 

39750 

261.10000 

12.310 

87.60 

8,527.00 

14.31 

68.60 

5, 23a  00 

^5 

5-315 

31.520 

329. 20000 

lr.620 

94.20 

9,860.00 

13.61 

7300 

5.921.00 

36 

5.000 

25.000 

415.20000 

11.000 

101.00 

11,330.00 

13.00 

78.50 

6,847.00 

37 

4-453 

19.830 

523.40000 

10.450 

108.00 

12,960.00! 

12.45 

84.00 

7,392.00 

3B 

3-965 

15.720 

660.00000 

9.965 

115.00 

13.580.00I 

11.96 

89.10 

8,821.00 

3<) 

3-531 

12.470 

832.40000 

9.531 

122.50 

16,670.00! 

"•53 

95.00 

8,805.00 

to 

3-145 

9.888 

105.00000 

9.145 

130.00 

i8,78o.oo[ 

11.15 

ioa.50 

11.650.00 

2428  DYNAMO-ELECTRIC  MACHINE  DESIGN. 

density,  and  we  will  allow  1,000  circular  mils  per  ampere. 

We  shall  thus  require  a  total  area  of  79,500  circular  mils. 

The    armature  current,  however,  divides  into  two  circuits, 

79  500 
so  that  the  required  area  of  the  conductor  is  ^^-^- —  =  39,750 

circular  mils.  By  referring  to  Table  110,  it  will  be  found 
that  No.  4  wire  is  the  nearest  to  this  size.  It  is  rather 
above  the  area  required,  and  would  also  be  hard  to  wind 
and  to  connect  to  the  commutator,  so  we  will  see  if  we  can 
not  use  another  size.  Two  No.  7's  may  be  substituted,  or 
three  No.  9's,  the  latter  size  giving  the  closest  approxima- 
tion to  the  desired  cross-section. 

3607.     We  will  adopt  as  a  preliminary  estimate  a  total 

number  of  252  conductors,  and  we  will  wind  the  armature 

according  to  the  diagram   in  Fig.   1171,  in  the  section  on 

Applied  Electricity.     A  difference  of  potential  of  about  15 

volts  between  commutator  bars  will  call  for,  say,  Jy^-  =  about 

8  segments  clear  between  brushes,  or  a  total  of  18  segments 

for  the  whole  commutator,  so  that  the  winding  spaces  on 

the  armature  are  18  X  2  =  3G  =zv.     By  formula  483  in  the 

3G  +  2 
section  referred  to,  za  =  2  j'  ±  2,  whence  the  pitch  f  =  — -— 

=  17  or  19.     As  pointed  out  in  connection  with  this  formula, 
the  smaller  number  (17)  should  be  used. 


SIZE  OF  TEETH. 
3608.  Having  decided  on  the  number  of  winding  spaces, 
that  is,  on  the  number  of  s/ots,  for  this  style  of  winding, 
we  will  see  how  we  can  get  the  wires  in.  On  consulting  the 
table  of  sizes  of  wire,  we  find  that  if  we  put  three  turns  of 
No.  9  double  cotton-covered  wire  side  by  side,  they  will  oc- 
cupy a  space  of  about  .43  inch.  Allowing  for  a  thickness  of 
insulation  of  .035  inch  each  side  between  the  wire  and  the 
teeth,  we  have  ,43  +  .07  =  .5  inch.  We  have  taken  36  slots 
for  the  armature ;  therefore,  the  turns  per  slot  will  be  -\^^^-  = 
7,  which  means  that  we  must  provide  7  layers  of  the  three 
conductors.     The  wires  will   not   bed  down  between  each 
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other,  as  there  is  only  sufficient  width  in  the  slot  to  accom- 
modate the  three  wires,  so  that  the  7  layers  will  occupy  a 
depth  of  about  1  inch.  Then,  allowing  for  insulation  and 
for  a  piece  of  hard  wood  which  is  driven  in  above  the  wire, 
the  depth  of  the  slot  will  be  1.25  inches. 

3609.  Knowing  the  dimensions  of  the  slot,  we  may 
now  calculate  the  width  of  the  tooth.  Since  the  slot  is  par- 
allel-sided, the  teeth  must  taper;  let  us  then  take  as  the 
average  width  of  the  tooth  that  at  a  point  f  inch  from 
the  edge.  The  circumference  of  a  circle  passing  through 
this  point,  concentric  with  the  outer  edge  of  the  disk,  will 
be  Of-  X  T  =  30.63  inches.  Each  slot  being  .5  inch  wide,  the 
total  figure  will  be  36  X  .5  =  18  inches.  Then,  30.63  —  18 
=  12.63  inches,  which  is  the  space  available  for  the  teeth. 
There  are  36  teeth;  therefore  the  average  width  of  each  is 
12.63 


36 


=  ,35  inch. 


361 0.  The  looth  and  slot  are  drawn  to  scale  in  Fig. 
1356,  which  also  shows  a  method  of  securing  the  strip  of 
wood  w.  Notches  are  cut  in  the  teeth,  and  the  wood  is  shaped 
so  as  to  drive  in, 
making  a  dovetail 
joint.  Binding  wires 
must,  however,  not 
be  omitted,  as  ex- 
plained later  on. 

3611.  The  ef- 
fective length  of  the 
armature  is  not  7^ 
inches,  as  given  in 
the  diagram.  Fig.  1355;  each  disk  is  separated  from  its 
neighbor  by  some  insulating  substance,  whether  it  be  paper, 
or  varnish,  or  simply  the  o.xide  which  is  upon  the  surface,  so 
that  the  actual  length  of  armature  iron  is  reduced  by  about 
12  per  cent.  In  this  case,  therefore,  the  effective  length  is 
.88  X  7.25  =  6.38  inches.  The  average  area  of  one  t(^oth 
will  be  .35  X  6.38  =  2.233  square  inches. 


Fig.  1356. 
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3612.  The  average  polar  span,  Fig.  1355,  is  125°;  then, 
the  number  of  teeth  under  one  pole  will  be  ^ff  x  3G  =  12. 
The  total  area  of  the  teeth  under  the  magnet  pole  will  be  12  X 
2.233  equals,  say,  26.8  square  inches.  The  density  of  lines 
of  force  in  the  teeth  must  be,  as  we  have  seen,  about  110,000 
lines  per  square  inch;  therefore,  the  total  number  of  lines  of 
force  in  the  teeth,  and  also  in  the  air-gap,  will  be  110,000  X 
26.8  equals,  say,  2,950,000. 

It  is  sometimes  desirable,  in  order  to  avoid  the  necessity 
for  a  large  number  of  slots  of  small  size,  to  place  two  coils  in 
one  slot.  One  side  of  each  coil  will  then  occupy  the  lower 
half  of  one  slot,  and  the  other  side  of  the  coil  will  be  laid  in 
the  upper  half  of  a  slot  under  the  succeeding  pole.  With 
this  arrangement,  the  coils  should  first  be  wound  on  a  form 
to  the  proper  shape,  then  taped,  shellaced,  and  dried,  after 
which  they  may  be  put  in  place,  with  a  layer  of  insulating 
material  between  coils  in  each  slot,  because  there  will  be  a 
large  difference  of  potential  between  them. 


SPEED  OF  ROTATION. 

3613.     The    preliminary    values   are    now    determined, 

with  the  exception  of  the  speed  of  rotation  of  the  armature. 

This   we   can  obtain   by   modification    of   formula   480  in 

E  X  QO  X  10* 
Applied   Electricity,  and  we  have  S  = -^ ,  where 

£  is  the  total  E,  M.  F.  of  the  dynamo,  c  is  the  total  number 
of  conductors,  and  ^Y  is  the  lines  of  force  from  one  pole-piece. 
We  may  calculate  the  probable  amount  of  drop  in  E.  M.  F. 
through  the  armature,  which  it  is  necessary  to  determine 
before  we  can  tell  what  B  is.  There  are  six  No.  9  wires  in 
multiple,  which  carry  the  total  armature  current  of  79.5 
amperes.  The  length  of  one  wire  on  the  armature  surface 
is  7^  inches;  to  this  we  add  the  length  of  one  of  the  end  con- 
nectors, say  14  inches,  making  a  total  length  of  21^  inches 
for  each  of  the  252  conductors.  As  a  means  of  simplifying 
the  calculation,  we  will  take  one  of  the  six  wires,  and  find  its 
resistance.      Each  of  the  six  circuits  passes  through  18  slots 
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before  it  reaches  the  opposite  point  on  the  commutator,  and 
there  are  7  turns  per  slot.  Then  the  length  of  one  circuit  is 
18  X  7  X  21^  =  2,67?  inches  =  223  feet.  The  resistance  of 
No.  9  wire  is  .792  ohm  per  thousand  feet;  then,  223  feet  = 
.223  X  .792  =  .1766  ohm,  and  for  the  whole  armature  it  will 

be  - — ; —  =  .0294  ohm.     Allowing  for  a  temperature  rise  of 

70°  F.,  the  resistance  becomes  .0338  ohm,  and  the  drop  in 
potential  will  be  C  X  i^  =  (78  +  1.5)  X  .0338  =  2.687  volts, 
allowing  1.5  amperes  for  the  shunt.  There  is  some  resistance 
in  the  commutator  connections,  also  in  the  brushes  at  the 
contact  point;  if  the  brushes  are  of  carbon,  there  will  be 
additional  resistance,  due  to  their  length.  If  we  then  take 
an  armature  drop  of  4  volts,  we  shall  have  sufficient  margin. 
We  may  now  write  out  the  formula  for  the  speed  : 

^       119  X  60  X  10*        ^„. 

^  =  252  X  2,950,000  =  '^^  ^^^^  ^^'  "^^"- 

3614.  The  diameter  of  the  armature  is  11  inches,  and 
the  circumference  is  34.55  inches  =  2.88  feet.  The  periph- 
eral velocity  will  then  be  2,765  feet  per  minute. 

3615.  We  might  use  either  40  or  32  slots  in  this  arma- 
ture, but  it  would  be  found  that  a  higher  speed  would  be  re- 
quired in  each  case,  and  the  teeth  would  be  rather  thin  at 
the  root  if  there  were  40  of  them.  Also,  when  the  number 
of  teeth  is  small,  the  current  is  not  likely  to  be  so  steady. 


DENSITIES  IX   M.\GXETIC  CIRCUIT. 


DESJSITY    IX   AIR-GAP. 

3616.  In  determining  the  density  in  the  air-gap,  we 
may  assume  a  length  of  \  inch.  The  bore  of  the  fields  will 
then  be  lli^  inches,  and  the  circumference  =  36.13  inches. 
The  average  polar  span  is  125°,  therefore  the  width  of  face 
will  be  ^ff  X  36.13  =  12.5  inches.  The  length  of  face  will 
be  7^^  inches,  allowing  ^  inch  for  fringe,  and  the  area  of  the 
air-gap  =  7.25  X  12.5  =  90.625    square    inches.     Then    the 
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,       .  ...  ,      2,950,000       _  „_  ..  ,  , 

density  will  be  —————=  32,550  lines  of  force  per  square 

inch.  By  formula  589  we  see  that,  when  the  density  is 
about  32,000  lines  of  force  per  square  inch,  the  length  of  air- 
gap  should  be  greater  than  one-third  the  width  of  slot.  The 
slot  is  .5  inch  wide,  so  that  the  air-gap  should  be  greater 
than  i  X  i  inch  =  ^  inch  =  .167.  We  may  therefore  safely 
adopt  a  length  of  j\  inch  =  .1875. 


DENSITY   IN    MAGNET  CORE. 

3617.     We  are  now  in  a  position  to  find  the  number  of 

lines  of  force  in  the  magnet  core.     There  will  be  a  greater 

number  of  lines  required  than  are  used  in  the  armature,  on 

account  of  magnetic  leakage,  and  the   coefficient  by  which 

the  armature  induction   is  multiplied  varies  with  different 

designs  of  magnetic  circuit.      For  this  form  which  we  have 

under  consideration  we  may  use  a  coefficient  of  1.25.     The 

lines   of    force,    then,    in    the    field    core     will    be     1.25  X 

2,950,000  =  3,087,500.     The  core  is  wrought  iron,  7  inches  in 

diameter,  the  area  being  38.48  square  inches,  and  the  density 

.    3,687,500       ^,.  ^^^,.  .     , 

IS      „^  '  —  =  96,000  lines  per  square  inch. 
38.48 


DENSITY   IN   YOKE   AND   IN   POLE-PIECES. 

3618.     The  yoke  is  cast  iron,  8  inches  by  13  inches,  the 

^   •        .r..                 •     ,           n.^     ^       ■       •     3,687,500 
area  being  104  square  inches.      Ihe  density  is — — —  = 

35,500  lines  of  force  per  square  inch. 

The  average  length  of  path  of  the  lines  in  the  pole-pieces 
is  5  inches  in  each,  or  a  total  of  10  inches.  The  density 
may  be  taken  as  about  one-half  that  in  the  core,  or,  say, 
50,000  lines  per  square  inch. 


AREA    OF    ARMATURE  CORE. 

3619.     In  the  armature  the  value  of  the  induction  may 

be  taken  as  85,000  lines  per  square  inch,  net.     The  actual 

width  of  the  core  is  7.25  inches,  but  we  have  only  88  per 

cent,  of  iron,  the  effective  width  being  6.38  inches.     The 
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area  of  the  armature  core  is  — ^ — =  17. 3o  square  inches, 

85,000  ^  ' 

half  the  lines  of   force   passing   above  the  shaft   and   half 

17.35 
below.     Then  the  radial  depth  of  the  core  is    ^ '      =  2.72 

b.oo 

inches,  or,  say,  2f  inches.     Subtracting  double  this  length 

and  double  the  length  of  teeth  from  the  diameter  of  the 

armature,  11   inches,  we  have  a  3-inch  circle  in  the  center 

of  the  disks,  which  will  serve  for  the  shaft. 


TOTAL  AMPERE-TURNS. 
3620.  The  densities  in  every  portion  of  the  magnetic 
circuit  being  known,  we  may  calculate  the  total  ampere- 
turns.  We  find  the  ampere-turns  required  for  the  magnet 
cores,  the  yoke,  the  pole-pieces,  the  armature  core,  the 
teeth,  and  the  air-gaps.  To  these  we  must  add  the  back 
ampere-turns  of  the  armature.  When  a  slotted  armature  is 
used,  the  armature  reaction,  as  we  have  pointed  out,  is  com- 
paratively slight.  This  requires  only  a  moderate  displace- 
ment of  the  brushes,  and  since,  in  the  machine  under 
consideration,  the  pole  tips  are  pointed,  We  may  find  a  suf- 
ficiently strong  field  for  reversing  without  the  necessity  of 
providing  a  large  angle  of  lead,  especially  when  carbon 
brushes  are  used,  as  we  have  supposed  to  be  the  case.  We 
will  allow,  then,  for  two  slots  within  the  double  angle  of 
lead;  there  are  7  turns  per  slot,  and  each  set  of  three  con- 
ductors carries  one-half  the  armature  current,  or  39.75  am- 
peres ;  calling  this,  in  round  i.umbers,  40,  the  back  ampere- 
turns  will  then  be  2  X  7  X  40  =  5G0.  The  length  of  the  two 
magnet  cores  is  11  inches,  and  the  density  is  96,000  lines  of 
force  per  square  inch.  By  reference  to  the  magnetization 
curves  of  Fig.  1354,  we  find  that  wrought-iron  forgings  at 
this  density  require  100  ampere-turns  per  inch  length,  or  a 
total  of  100  X  11  =  1,100  ampere-turns.  The  cast-iron  yoke 
requires  06  ampere-turns  per  inch  at  the  density  we  have 
given,  namely,  35,500  lines  per  square  inch;  the  length  of 

M.L.    n.—23 
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circuit  being  11.5  inches,  the  required  ampere-turns  are 
66  X  11.5  =  759.  The  pole-pieces,  which  are  part  of  the 
magnet  forgings,  have  a  total  average  length  of  10  inches, 
and,  at  a  density  of  50,000  lines  per  square  inch,  require 
10  ampere-turns  per  inch,  or  a  total  of  10  X  10  =  100.  In 
the  armature  core  we  have  a  density  of  85,000  lines  per 
square  inch,  for  which  we  must  provide  34  ampere-turns 
per  inch  length,  or  34  X  9  =  306  ampere-turns.  The  teeth 
have  a  higher  density,  namely,  110,000,  and  the  ampere- 
turns  per  inch  must  be  118.  The  total  length  of  the  teeth 
is  2  X  1.25  =  2.5  inches,  and  the  ampere-turns  will  be  119  X 
2.5  =  297.  For  the  determination  of  the  ampere-turns  of 
the  air-gap  we  will  refer  to  the  section  on  Principles  of 
Electricity  and  Magnetism,  Art.  2400,  where,  by  trans- 
position of  the  formula  for  density  B,  we  find  that  for  air, 
which  has  a  permeability  of  1,  the  ampere-turns  required  for 
a  given  density  are  equal  to  the  density  multiplied  by  the 


B/ 


In 


length  and  divided  by  3.192;  or,  ampere-turns  =  - 

this  case  the  density  is  32, 550  lines  of  force  per  square  inch  = 
B  ;  the  length  of  double  air-gap  is  f  =  .375  inch  =  /;  and 

32,550  X  .375 


the  ampere-turns  for  the  air-gap 


3.192 


=  3,824 


3621.     We   will  now    sum   up  the    total  ampere-turns 
required  for  the  magnetic  circuit,  as  follows: 


Ampere- 

Total 

Length. 

Area. 

Density. 

Turns 
per  Inch. 

Ampere- 
Turns. 

Magnet  Core 

11 

38.48 

96,000 

100 

1,100 

Cast-Iron  Yoke 

Hi 

104 

35,500 

66 

759 

Pole-Pieces 

10 

50,000 

10 

100 

Armature  Core 

9 

17.35 

85,000 

34 

306 

Teeth 

H 

26.8 

110,000 

118 

295 

Air-Gap 

f 

32,550 

3,824 

Back  Ampere-T 

urns 

560 

Total  Ampere-Turns  for  Field 

6,944 
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SIZE  OF  SHUNT  WIRE. 

3622.  In  determining  the  size  of  wire  to  be  used  for  the 
shunt  winding,  we  know,  approximately,  the  length  of  one 
turn,  as  we  can  allow  a  certain  amount  for  depth  of  winding. 
In  any  case,  variation  in  this  dimension  will  not  affect  the 
size  of  wire  necessary  for  the  machine,  which  size  is  always 
the  same  for  any  given  dynamo,  whether  the  ainotuit  of  wire 
used  be  great  or  small.  The  explanation  is  that,  if  double 
the  number  of  turns  be  put  on,  this  will  approximately 
double  the  resistance,  thereby  reducing  the  current  by  one- 
half,  so  that  the  total  number  of  ampere-turns  remains  the 
same.  There  is,  however,  a  disadvantage  in  using  a  small 
amount  of  wire,  as  this  necessitates  a  larger  current.  The 
loss  in  the  field  coils  is  proportional  to  the  square  of  the  cur- 
rent and  only  directly  proportional  to  the  resistance;  there- 
fore, it  is  better  to  increase  the  length  of  wire,  so  that  the 
watts  lost  in  heating  may  be  as  few  as  possible.  On  the  other 
hand,  an  excessive  amount  of  wire  is  expensive,  and  the 
weight  to  be  used  must  therefore  constitute  a  mean  between 
cost  of  energy  for  maintaining  the  field  and  cost  of  copper 
in  the  field  coils. 

3623.  Another  consideration  may  also  influence  the 
amount  of  wire  used,  namely,  the  available  space  for  wind- 
ing. In  machines  of  special  construction,  space  may  be  so 
limited  that  only  a  little  wire  can  be  wound  on  the  cores. 
In  that  event  it  is  necessary  to  point  out  that  ample  venti- 
lation should  be  provided  to  carry  off  the  heat  produced. 
The  particular  disadvantage,  from  a  working  point  of  view, 
of  a  small  amount  of  wire  is  that  the  regulation  of  E.  M.  F. 
is  troublesome;  for  the  difference  in  resistance  when  hot  and 
when  cold  is  consiclcrahle,  whicli  can-  'luial  falling 
of  E.  M.  P.  as  the  fields  become  warm,  so  mat  a  constant 
difference  of  potential  is  obtained  only  after  the  machine  has 
been  runniu;^-  t'^r  some  lime. 

3624.  The  size  of  the  shunt  wire  maybe  found  at  once 

l)y  the  following  formula: 

A  =  ^^  ^E'^J^g  '^^>  (-^92.) 
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in  which  A  =  area  of  cross-section  in  circular  mils; 

/,„  =  mean  length  in  feet  of  one  turn  of  wire; 
At  =^  ampere-turns  for  the  magnetic  circuit; 
-£"j,  =  E.  M.  F.  at  the  brushes; 
e  =  drop  of  potential  through  field  regulator. 
The  cross-sectional  area  of  the  zvire  for  the  sJmnt  winding 
of  a  dynamo  is  found  by  mnltiplyi7ig  12  times  the  mean  length 
of  turn  by  the  ampere-turns  and  dividing  this  product  by  the 
E.  M.  F.  at  the  brushes,  less  the  drop  in  volts  through  t lie  field 
regulator. 

In  this  formula  the  factor  e  may  be  omitted  when  it  is  not 
proposed  to  use  a  field  regulator  in  ordinary  working,  after 
the  field  coils  are  heated  up. 

3625.  The  coefficient  12  is  derived  from  the  resistance 
of  1  mil-foot  of  copper,  which,  at  75°  P.,  is  10.8  ohms.  In 
this  formula  we  have  allowed  for  a  rise  in  temperature  of  55° 
P.,  which  increases  the  value  of  the  coefficient  to  12.  This 
will  be  found  to  be  a  good  general  figure  to  use,  but  it  may 
of  course  be  modified  to  suit  any  other  rise  in  temperature. 

3626.  In  applying  the  formula  to  the  present  case,  we 
will  determine  the  probable  length  of  one  turn,  to  give  the 
value  of  /,„.  The  diameter  of  the  field  core  is  7  inches.  The 
inside  diameter  of  the  spool  is  perhaps  1\  inches,  and  the 
diameter  on  the  winding  surface  7-2-  inches.  We  have  a 
total  winding  length  on  the  core  of  about  h\  inches,  and  if 
we  allow  ^  inch  at  top  and  bottom  for  spool  flanges,  there  will 
be  a  net  length  available  of  4|  inches.  With  a  flange  1^  inches 
deep,  we  may  wind  to  a  thickness  of  about  \\  inches,  and 
the  average  length  of  turn  will  be  8f  X  3.1416  =  27.1  in.  =: 
2.26  feet.  Allowing  for  the  use  of  a  field  regulator  only 
until  the  field  coils  are  warm,  and  dispensing  with  it  after 
that,  the  size  of  shunt  wire  will  be,  by  formula  592, 

.       12  X  2.26  X  6,944      ^  ^..^    .       .  .. 

A  = — =  1,638  circular  mils. 

115 

From  Table  110  it  will  be  seen  that  this  area  corresponds 
almost  exactly  to  No.  18  B.  &  S.,  which  is,  therefore,  the  cor- 
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rect  size  to  use.     A  slight  variatuMi  from  the  exact  size  deter- 
mined by  the  formula  is  immaterial;  for  if  the  wire  is  a  trifle 
small,  a  very  little  increase  in  speed  will  suffice  to  bring  up* 
the  E.  M.  F.  to  the  required  point. 

3627,  When  designing  a  dynamo  which  is  to  be  built 
on  original  lines,  it  is  well  to  allow  some  margin  for  regula- 
ting, about  15  per  cent,  drop  through  the  regulator  being 
desirable.  For  standard  machines,  however,  the  less  exter- 
nal resistance  is  used  the  better. 


VALUE  OF  SHUXT  CURRENT. 

3628.  We  may  now  determine  the  current  in  the  field. 
If  we  wind  the  spools  to  a  depth  of  1^  inches,  the  cross-sec- 
tional area  of  the  single  spool  will  be  1^  x  41  =  5.34  square 
inches,  or  for  two  spools  the  area  =  10.08  square  inches. 
By  reference  to  the  table  of  magnet  wire,  the  wire  being 
usually  single  cotton-covered,  we  find  that  we  can  put  in  448 
turns  of  No.  18  wire  to  the  square  inch.  We  would  then  have 
a  total  number  of  10.68  X  448  =  4,784  turns  =  2,392  turns 
per  spool.  The  winding  will  have  about  20  turns  to  the  inch, 
or,  for  the  full  length  of  spool,  about  95  to  a  layer.  Then,  since 
it  is  desirable  to  have  only  complete  layers,  we  will  choose  25, 
and  the  turns  per  spool  will  be  95  X  25  =  2,375,  or,  for  both 
spools,  4,750  turns.     The  total  number  of  ampere-turns  is 

6  944 
0,944:   therefore,    the   current   to   be   used   is  - '1,    =  1.46 

4,750 

amperes,  this  being  controlled  by  the  field  regulator. 

3629.  We  are  now  able  to  determine  the  actual  temper- 
ature rise  by  the  application  of  formula  560.  The  outside 
diameter  of  the  spools,  when  overlaid  with  a  layer  of  cord, 
will  be  about  level  with  the  edge  of  the  flange,  or  10  inches, 
and  the  circumference  is  31.4  inches.  The  width  being  4J 
inches,  the  radiating  surface  of  each  coil  is  31.4  X  4.75=  149.3 
square  inches,  and  for  the  two  spools  there  is  a  radiating  sur- 
face of  wire  of  298.6,  say  300  square  inches.     The  watts 
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expended  in  the  winding  are  1.4G  x  115  =  168.     Then,  by 
formula  560,  the  temperature  rise 

^      80  X  168       ,  .  ^   ,  „  ,        ,    . 

t  =  — =  44. 8  degrees  t  ahrenheit. 

300  ^ 

It  will  be  seen  by  this  result  that  we  might  use  less  wire 
on  our  fields  without  an  excessive  rise  in  temperature; 
but  the  amount  we  have  chosen  will  probably  be  more 
satisfactory. 

3630.  No  material  modification  is  introduced  if  we 
substitute  for  the  coefficient  12  in  formula  592  another 
coefficient  based  on  a  rise  of  45°  F.  This  would  be  about 
11.8,  and  would  alter  the  size  of  wire  only  in  correspond- 
ing ratio;  the  area  would  be  about  1,605  circular  mils. 

3631.  We  might  allow  for  the  permanent  use  of  a  field 
regulator  for  this  dynamo  by  taking  the  next  larger  wire. 
No.  17;  but  its  resistance  is  such  that  it  would  be  necessary 
to  introduce  too  much  external  resistance  in  series  with  it 
to  produce  an  efficient  machine.  It  is  therefore  much  bet- 
ter to  use  No.  18,  and,  if  necessary,  to  slightly  increase  the 
speed;  or,  if  the  speed  is  fixed,  a  combination  winding  can 
be  made  of  Nos.  17  and  18. 


RESISTANCE   OF   SHUNT. 

3632.  It  is  a  simple  calculation  to  determine  the  resist- 
ance of  the  shunt  winding.  We  have  found  the  average 
length  of  turn  to  be  2.26  feet;  the  number  of  turns  we  use 
is  4,750;  therefore  the  total  length  is  2.26  X  4,750=  10,735 
feet.  The  resistance  per  1,000  feet  of  No.  18  wire,  at 
ordinary  temperature,  is  6.39  ohms,  and  the  total  resistance 
is  10.7X0.39  =  68.37  ohms.  Applying  formula  461  in 
Electrical  Measurements  for  increase  of  resistance  with 
temperature,  r^  =  68.37  (1  +  .002156  X  45)  =  75  ohms  with 
45°  F.  rise.  The  E.  M.  F.  at  the  terminals  being  115  volts, 
the  maximum  possible  current  after  the  temperature  has 
risen  will  be  VV  —  ^-^^  amperes.  We  require  only  a  cur- 
rent of  1.46  amperes,  so  that  this  size  of  wire  will  allow  of 
control  of  E.  M.  F.  by  means  of  a  field  regulator. 
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RELATION   OF  SHU>T  TO   ARMATURE  RESISTANCE. 

3633.  We  have  said  that  the  question  of  electrical  effi- 
ciency is  affected  by  the  amount  of  wire  used  in  the  shunt, 
a  higher  resistance  giving  better  efficiency.  The  result  of 
a  high  shunt  resistance  in  parallel  circuit  with  a  low  arma- 
ture resistance,  as  in  a  shunt  dynamo,  is  a  smaller  propor- 
tion of  current  subtracted  from  the  total  output;  therefore, 
it  is  desirable  that  both  these  ends  should  be  attained.  The 
following  formula  is  given  by  S.  P.  Thompson  as  showing 
the  efficiency,  with  a  favorable  resistance  in  the  external 
circuit: 

E  = ^--=,  (593.) 

r. 

where  E  =  electrical  efficiency; 

Ta  =  resistance  of  armature; 
r,  =  resistance  of  shunt. 

T/ie  electrical  efficiency  of  a  dynamo  is  equal  to  the  recipro- 
cal of  the  sum  of  1  and  twice  the  square  root  of  the  quotient 
obtained  by  dividing  the  armature  resistance  by  the  shunt 
resistance. 

3634.  We  may  apply  this  formula  to  the  machine  we 
have  been  designing  as  a  check  on  the  efficiency.  The 
formula  is  useful  rather  as  a  means  of  finding  at  once  what 
the  resistance  of  the  shunt  should  be,  in  order  to  give  a  cer- 
tain predetermined  electrical  efficiency.  In  our  case  we  have 
supposed  there  is  a  fall  of  potential  of  4  volts  through  the 

4 

armature  at  full  load,  so  that  the  resistance  will  be  =-— :  =  .05 

79.5 

ohm.     The  shunt  current  is  1.42  amperes,  and  the  terminal 

1 15 
E.  M.  F.  being  115  volts,  the  resistance  =  ——r  =  81  ohms. 

Then,  by  formula  593,  the  electrical  efficiency 

E  = -==L  =  .  95,  or  95  per  cent. 

1  +  24/^ 
^    '    81 


2440  DYNAMO-ELECTRIC  MACHINE  DESIGN. 

3635.  Taking  formula  593  as  a  basis,  and  an  electri- 
cal efficiency  of  90  per  cent,  as  a  low  figure,  we  find  that,  to 
obtain  this  efficiency,  the  resistance  of  the  shunt  must  be  at 
least  324  times  that  of  the  armature. 


MAGNETIZATION  CURVES. 

3636.  In  order  to  demonstrate  graphically  the  behavior 
of  a  dynamo  and  to  assist  in  determining  the  additional 
ampere-turns  required  for  the  series  coils  in  compound  wind- 
ing, it  is  convenient  to  lay  out  a  curve  of  magneti- 
zation.    This  is  obtained  from  the  known   values  of  the 
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induction  in  the  armature  and  the  corresponding  ampere- 
turns  required,  and  is  extremely  useful,  as  showing  what  the 
performance  of  the  dynamo  is  likely  to  be,  and  whether  the 
E.  M.  F.  will  be  stable. 
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3637.  A  magnetization  curve  is  given  in  Fig.  1357, 
wiiich  illustrates  the  action  of  the  dynamo  we  have  been 
considering.  Of  the  curves  shown,  that  marked  /is  the  no- 
load  curve  and  //  is  the  full-load  curve  (80  amperes).  It  is 
possible  to  lay  out  these  curves  either  by  calculation  or  by 
experiment.  Taking  the  full-load  curve  first,  the  value  of 
the  ampere-turns  is  marked  on  the  scale  of  abscissas  at  the 
bottom — such,  for  instance,  as  the  full  number  6,944  pre- 
viously calculated — and  on  the  scale  of  ordinates  the  corre- 
sponding value  of  the  induction  in  the  armature.  This  would 
be  2,950,000  in  the  case  supposed;  the  intersection  of  verti- 
cal and  horizontal  lines  drawn  from  these  points  gives  one 
point  on  the  curve.  The  required  ampere-turns  are  also 
calculated  for  other  values  of  armature  induction,  and,  the 
points  being  laid  off,  form  the  curve.  A  value  may  be  taken, 
for  example,  of  2,500,000  lines  of  force  in  the  armature; 
then,  by  the  same  methods  of  reasoning  as  those  already  ex- 
plained, the  total  ampere-turns  are  to  be  calculated.  The 
termination  of  the  curve  at  the  lower  end  indicates  the 
probable  point  where  the  field  would  become  too  weak  to 
prevent  destructive  sparking. 

3638.  The  no-load  curve  is  laid  off  in  the  same  manner 
as  the  full-load  curve,  except  that  the  back  ampere-turns 
are  omitted,  the  curve  lying,  therefore,  higher  for  a  given 
magnetizing  force.  This  curve  does  not  in  actual  practice 
come  down  to  the  origin  0,  as  there  is  always  some  residual 
magnetism  in  the  iron,  and  we  have  therefore  shown  the 
outward  curvature  at  this  portion,  although  theoretically  we 
might  consider  the  curve  to  end  at  0.  We  may  also  work 
out  the  magnetization  curve  for  any  other  load,  which  will 
then  lie  between  the  limits  of  curves  /  and  //  in  Fig.  1357. 


*lAGXKTIZATION  CURVES  FROM  TESTS. 
3r'39.     Magnetization  curves  may  be  plotted  from  read- 
ings taken  when  testing  a  dynamo  that  is  already   built. 
The  curves  are  developed  from  the  fundamental  formula 

c       T-    ^f   T7      /-         <^^^       c  ^  •  u    Ar      ^  X  60  X  10' 

for  E.  M.  F.,  Ji  =  ■— — —J,   from  which  N= r=^ . 

*  60  X  10"  cii 
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When  the  no-load  curve  is  required,  the  E.  M.  F.  at  the 
brushes  may  be  considered  to  be  the  same  as  the  total 
E.  M.  P.,  Zf,  which  takes  into  account  the  armature  drop. 
The  only  current  through  the  armature  is  that  for  the 
shunt,  and  the  resistance  being  so  low,  the  drop  is  negli- 
gible. The  armature  is  then  run  at  different  speeds,  and 
readings  are  taken  of  the  E.  M.  F.  at  the  brushes,  of  the 
speed,  and  of  the  shunt  current.  From  the  first  two  of  the 
above  the  number  of  lines  of  force  in  the  armature  is  calcu- 
lated, and  the  number  of  turns  on  the  shunt  coils  being 
known,  the  reading  of  the  shunt  current  enables  the  corre- 
sponding ampere-turns  to  be  determined.  For  example,  sup- 
pose the  speed  of  the  machine  is  850  revolutions  per  minute, 
and  simultaneous  readings  show  that  the  E.  M.  F.  at  the 
brushes  is  90  volts  and  the  shunt  current  is  .96  ampere. 
Then  the  corresponding  number  of  lines  of  force   in   the 

90  V  fiO  V  10^ 
armature  is  N=     Js       ^        =  2,521,000.     There  are  4,750 

turns  in  the  shunt  winding,  therefore  the  ampere  turns  are 
.90x4,750  =  4,560.  If  these  values  for  induction  and 
ampere-turns  are  laid  off  to  a  suitable  scale,  as  was  shown 
in  Fig.  1357,  their  intersection  will  give  a  point  on  the 
no-load  curve. 

3640,  When  the  curve  for  full  load  or  for  any  inter- 
mediate load  is  desired,  the  same  readings  are  taken  as  for 
the  no-load  curve;  but  between  the  readings  taken  at  the 
different  speeds,  the  resistance  of  the  external  circuit  must 
be  changed,  in  order  to  keep  the  current  at  the  constant 
value  represented  by  the  curve. 

3641.  We  see  that  the  curves  of  Fig.  1357  resemble 
the  saturation  curves  of  iron  and  steel  in  Fig.  1354,  and  in 
fact  they  constitute  saturation  curves  for  the  magnetic  cir- 
cuit of  the  dynamo  as  a  whole,  and  are  frequently  called  by 
that  name.  It  is  necessary  for  the  machine  to  be  worked 
above  the  knee  of  the  curve  in  order  to  give  stability  to  the 
E.  M.  F.     When,  however,  it  is  necessary  to  allow  for  the 
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series  turns  of  compound  winding,  such -a  high  point  of 
saturation  is  not  desirable  with  the  shunt  alone,  but  may  be 
reached  at  full  load. 

CURVES  APPLIED  TO  COMPOUND  WIXDIXG. 

36-42.  The  magnetization  curve  may  be  used  in  deter- 
mining the  series  ampere-turns  necessary  for  compound 
wmding.  The  induction  in  the  armature  for  any  given 
E.  M.  F.  and  speed  may  readily  be  calculated,  as  we  have 
shown,  and  the  corresponding  field  ampere-turns  may  be 
found  by  reference  to  the  curve.  The  values  of  the  ampere- 
turns  are  thus  found  for  no  load  and  for  full  load,  the  E.  M.  F. 
and  speed  being  usually  specified  for  these  two  points.  Then 
the  difference  between  the  values  for  the  ampere-turns 
constitutes  the  ampere-turns  required  for  the  series  winding. 

3643.  In  order  to  facilitate  the  application  of  such  cal- 
culations, we  will  consider  a  compound  winding  for  the 
dynamo  of  Fig.  1355.  Let  us  suppose  the  following  specifi- 
cations are  laid  down:  The  dynamo  is  to  have  an  E.  M.  F. 
at  no  load  of  110  volts,  the  speed  being  1,040  revolutions 
per  minute.  At  full  load  the  E.  M.  F.  must  be  120  volts, 
the  current  output  75  amperes,  and  the  speed  1,000  revolu- 
tions per  minute.  The  number  of  conductors  c  in  the 
armature  is  252,  as  before;  then  the  number  of  lines  offeree 
at  no  load 

^  ^  /;  X  60  X  10-  ^  1 10  X  GO  X  10-  ^ 

cS  252  X  1,040  '       ' 

By  referring  to  the  no-load  curve  in  Fig.  1357,  we  see  that 
this  induction  corresponds  to  4,500  field  ampere-turns.  At 
full  load  the  armature  loss  may  be  taken  as  4  volts,  and  we 
will  allow  for  the  series  winding  a  further  drop  in  potential 
of  1  volt;  so  that  the  E.  M.  F.  at  full  load  =  120+  4+  1  = 
125  volts.  For  the  induction  in  the  armature  at  full  load 
we  then  have 

mxcoxio:^ 

252  X  1,000 
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On  the  full-load  curve  of  Fig.  1357  we  find  the  corresponding 
ampere-turns  to  be  7,  GOO, 

3644.  There  is  a  choice  of  two  ways  in  which  the  shunt 
coils  may  be  connected;  the  two  methods  are  the  long 
shunt  and  the  short  shunt.    For  purposes  of  comparison, 

the  two  styles  of  connection  are 
shown  diagrammatically  in  Fig. 
1358.  The  long  shunt  (a)  shows 
that  the  shunt  current  passes 
through  the  series  coil  c,  then 
through  the  shunt  coil  s;  while  in 
the  short  shunt  {d)  the  shunt  coil 
Fig.  ia->8  is    entirely    independent    of    the 

series  coil,  being  connected  directly  across  the  brushes.  In 
the  present  example  we  will  suppose  the  short  shunt  (d)  to 
be  employed,  as  this  is  the  more  usual  method. 

3645.  We  have  taken  the  armature  drop  as  4  volts,  at 
full  load;  then,  the  total  E.  M.  F.  generated  being  125  volts, 
the  E.  M.  F.  at  the  shunt  terminals  is  125  —  4  =  121  volts. 
We  found  that  for  110  volts  at  the  terminals  the  ampere- 
turns  were  4,500;  then,  for  an  E.  M.  F.  of  121  volts  the 
shunt  ampere-turns  will  be  \^  X  4,500  =  4,950.  The  full- 
load  ampere-turns  are  7, GOO;  therefore  the  required  num- 
ber of  series  ampere-turns  is  7,G00  —  4,950  =  2,G50.  The 
full-load  current  is  given  as  75  amperes,  and  the  series  turns 

will  therefore  be    '^2     =  35.4,  or,  say,  3G  turns,  18  turns  on 


75 


each  spool. 


PROPORTIOIV  OF  SHUNT  AND  SERIES  Vfc^INDINGS. 

3646.  The  simple  number  of  ampere-turns  for  shunt 
and  series  windings  is  not  sufficient  as  a  guide  to  the  actual 
number  of  turns  of  each  which  must  be  supplied.  There 
must  be  a  proper  proportioning  of  the  two  windings,  so  that 
the  total  loss  of  energy  is  suitably  divided ;  for  if  the  series 
coil,  for  instance,  were  to  be  designed  for  an  extremely  low 
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loss,  the  weight  of  wire  would  be  excessive,  and  if  the  wire 
were  made  too  small,  the  rise  in  temperature  would  be  too 
great.  The  easiest  manner  of  winding  is  to  determine  the 
size  and  weight  of  the  shunt  wire  according  to  the  direc- 
tions and  formulas  already  given,  and  then  to  wind  over  it 
the  series  coil  and  proportion  it  with  this  rule  in  view: 

Rule. —  The  energy  loss,  in  watts,  of  the  shunt  and  series 
%vindings  of  a  compound  dynatno  should  be  proportioned  to 
the  respective  auipcre-tiirns  carried  by  each  coil. 

Suppose,  for  example,  that  the  shunt  coils  have  2,000 
ampere-turns,  and  the  loss  in  watts  is  100;  then,  if  the 
series  coils  have  500  ampere-turns,  the  loss  in  them  should 
be,  approximately,  25. 

3847.  It  is  not  quite  so  easy  to  calculate  the  series 
winding  if  it  is  to  occupy  part  of  the  spool  at  one  end,  but 
it  is  on  some  accounts  a  better  way  of  arranging  it.  Sup- 
pose, then,  for  our  dynamo  we  decide  on  this  method  of 
winding.  Our  spool  is  4f  inches  long,  and  we  may  wind  to 
a  depth  of  about  1^  inches.  Then,  the  mean  length  of  one 
turn  is  8.025x3.14=27.1  inches,  or  2.26  feet,  and  the 
ampere-turns  to  be  supplied  being  2,G50,  the  area  of  cross- 
section  of  the  wire  is,  by  formula  592, 

.       12  X  2.26  X  2,650       „,  _..     .       ,  ., 

A  = =  71,800  circular  mils. 

A  wire  of  this  size  would  have  to  be  made  to  order, 
which  is  out  of  the  question ;  but  it  would  in  any  case  be  too 
large  for  convenient  use,  and  it  is  better  to  choose  two  or 
three  smaller  wires  of  equivalent  cross-section.  We  might 
choose  two  No.  5's,  but  their  combined  areas  would  be  rather 
too  small;  No,  6  has  an  area  of  26,250  circular  mils,  and 
three  of  this  size  will  be  the  best  to  use.  In  order,  then,  to 
have  an  even  winding,  we  must  have  the  width  of  coil  such 
that  the  wires  of  one  layer  are  a  multiple  of  3;  also  the 
number  of  turns  is  to  be  18,  that  is,  the  total  number  of 
wires  will  be  54.  If  we  choose  9  wires  for  one  layer,  we 
shall  have  exactly  6  layers.      By  reference  to  Table  110,  we 
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see  that  we  can  wind  nearly  G  turns  to  the  inch,  and  9  wires 
will  lie  in  a  space  of  If  inches. 

3648.  Allowing  for  a  piece  of  vulcanized  fiber  ^  inch 
thick  between  the  shunt  and  series  coils,  the  available  space 
for  the  shunt  winding  will  be  4|  —  If  =  3  inches.  The  shunt 
ampere-turns  are  4,950,  and  the  E.  M.  F.  at  the  terminals  is 
121  volts.     Then,  by  formula  592, 

.       13  X  2.26  X  4,950       ,  ,^o    •       i  -i 

A  = — r- =  1,108  circular  mils. 

This  size  of  wire  is  between  Nos.  19  and  20,  but  the  differ- 
ence is  too  great  for  us  to  take  either  one,  and  it  is  not  good 
engineering  to  require  special  wire  drawn.  If  we  use  No. 
20  we  can  not  obtain  the  necessary  ampere-turns,  and  if  we 
take  No.  19  we  must  keep  a  field  regulator  or  external 
resistance  constantly  in  circuit.  The  most  usual  method 
of  overcoming  the  difficulty  is  to  use  the  smaller  wire  and 
increase  the  speed.  If,  however,  it  should  be  necessary  to 
keep  to  the  speed  specified,  we  may  effect  such  a  combina- 
tion of  the  two  wires  on  each  spool  that  the  number  of 
turns  will  be  correct  as  well  as  the  resistance,  hence,  also, 
the  ampere-turns.  The  winding  area  is  3  X  1^  =  3f,  or 
3.375,  square  inches,  and  we  shall  divide  it  between  the  two 
sizes  of  wire  in  inverse  proportion  to  the  resistance  of  each. 

Let      A  =  total  winding  area  in  cross-section* 
y^j=  required  area  for  larger  wire; 
A^=  required  area  for  smaller  wire; 
R^=  specific  resistance  of  larger  wire, 
A'.^=  specific  resistance  of  smaller  wire; 
R  =  sum  of  the  specific  resistances  of  the  two  wires. 

Then,    ^  =  ^,  whence  y^  ,  =  ^^^^,  (594.) 

^  =  %      and     A^  =  ^^.  (595.) 

The  resistance  per  1,000  feet — which  we  may  call  here  the 
specific    resistance — of  No.  19  wire  is  8.29  ohms  =  i?j;  the 
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resistance  per  1,000  feet  of  No.  20  wire  is  10.1G3  ohms  =  R^; 
the  sum  of  these  is  18.45  =  ^.  The  total  winding  area  = 
3.375  square  inches  =  A.  Then,  by  formula  594,  the  area 
to  be  wound  with  the  larger  wire 

.        3.375  X  10.103       _^  .     , 

A,  = Tw-rz =  l-o6  square  inches. 

'  18. 4o 

By  formula  595,  the  area  required  for  the  smaller  wire 

.       3.375X8.29      ,  _,.  .     , 

A^  = ,  ^  ,, =  l.olo  square  mches. 

'  18.45  ^ 

No.  19  wire  winds  about  5G7  turns  to  the  square  inch; 
therefore  the  turns  required  will  be  567  X  1.80  =  1,054. 
No.  20  wire  has  about  763  turns  per  square  inch,  and  the 
turns  of  this  size  will  be  763  X  1.515  =  1,157.  The  total 
turns  per  spool  =  2,211. 

3649.  In  order  to  check  these  figures,  we  will  calculate 
the  resistance  of  the  coil.  The  average  length  of  turn  is 
2.20  feet.  The  resistance  of  No.  19  wire  is  8.29  ohms  per 
1,000  feet,  and  that  of  No.  20  is  10.16  ohms.  Then,  the  re- 
sistance of  each  is  : 

No.  19,  1,054  X  2.26  X  .00829  =  19.7  ohms,  cold;  or,  22.16  ohms,  hot. 
No.  20,  1,157  X  2.26  X  .01016  =  26.5  ohms,  cold;  or,  29.8    ohms,  hot. 

Resistance,  hot,  per  spool    =    51.96  ohms. . 
Resistance,  hot,  two  spools  =  103.92  ohms. 

The  hot  resistance  is  calculated  for  a  rise  in  tempera- 
ture of  58°  F.     The  maximum  possible  current  which  will 

121 
flow  through  the  heated  shunt  coils  is     /*      =  1,16  amperes. 

lOo.  J 

The  number  of  turns  is  2,211  X  2  =  4,422,  and  the  ampere- 
turns  would  be  5,129,  which  allows  a  slight  margin  over  the 
required  number  of  4,950.     The   working   current   in   the 

4  950 
shunt  coils  =  j^-^-— =  1.12  amperes,  and  the  watts  expend- 

ed  =  1.12  X  121  =  135.5. 

3650.  The  diameter  of  the  outside  of  the  coil,  when 
covered  with  a  layer  of  cord  for  the   sake   of  neatness  of 
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finish,  will  be  10  inches.  Then  the  radiating  surface  of  the 
coil  =  31.4  X  3  =  94.2,  and  for  two  spools  =  188.4  square 
inches.      By  formula  560,  the  rise  in  temperature 

_  80  X  135.5  _ 

^-       188.4       -'^-^    ^- 

3651.  Returning  to  the  series  coils,  we  have  a  surface 
for  radiation  of  31.4  X  1.G25  =  51.1  square  inches  per  spool, 
or  102.2  square  inches  total.  Then  the  watts  lost  in  the 
series  coil  will  be  75  X  1  =  75,  and  the   rise   in  temperature 

3652.  If  the  increase  in  temperature  involved  with  this 
winding  is  not  considered  desirable,  a  lower  final  tempera- 
ture may  be  obtained  by  using  a  larger  size  of  wire  for  the 
series  coil,  leaving  the  width  of  coil  the  same,  but  having  a 
depth  of  winding  of  perhaps  1.5  inches.  The  shunt  coil  may 
be  increased  to  the  same  depth,  the  additional  wire  being 
added  in  the  same  proportion  of  the  two  sizes.  The  rise  in 
temperature  under  these  conditions  will  be  only  about  40°  F. 

3653.  An  exact  predetermined  drop  in  potential  through 
the  series  coils  can  not  be  obtained  with  ordinary  sizes  of 
wire,  and  when  it  is  important  that  this  should  be  the  case, 
a  length  of  strip  copper  is  used  instead  of  wire.  This  is,  in- 
deed, a  more  usual  proceeding,  and  we  might  use  such  strip 
copper  in  the  dynamo  we  have  under  consideration,  by  which 
means  we  could  obtain  the  exact  drop  of  one  volt,  which  we 
have  specified.  A  difference,  however,  of  a  fraction  of  one 
volt  is  not  sufficient  to  debar  us  from  using  the  round  cop- 
per, which  is  "more  easily  obtainable,  unless  we  were  consid- 
ering the  design  of  a  line  of  machines  of  various  sizes,  or 
unless  we  desired  to  construct  a  large  number  of  one  size. 

3654.  When  designing  the  series  winding  for  an  over- 
compounded  dynamo,  it  is  frequently  the  practice  to  allow 
for  much  larger  increase  in  potential  than  that  which  is  to 
be  used,  and  to  provide  a  shunt  across  the  terminals  of  the 
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series  coil,  which  may  be  varied  as  required.  This  shunt 
must  be  of  large  carrying  capacity,  as  it  may  have  to  allow 
30  per  cent,  of  the  full  output  to  pass, 

3655.  Compound-wound  dynamos  which  are  worked  on 
the  upper  portion  of  the  curve  of  magnetization  give  a  more 
uniform  increase  of  potential  than  those  worked  on  the  lower 
portion,  although,  as  has  been  pointed  out,  a  larger  number  of 
ampere-turns  is  required  than  would  be  the  case  if  a  lower 
part  of  the  curve  were  selected.  When  the  lower  part  is 
used,  the  effect  is  to  cause  the  E.  M.  F.  to  rise  rapidly  at  the 
outset;  but  with  heavier  loads  the  increase  in  E.  M.  F.  is 
more  gradual.  In  the  design  of  generators  for  power  circuits, 
a  large  amount  of  over-compounding  is  required,  and  it  is 
then  necessary  to  use  the  lower  portion  of  the  curve,  as  a 
large  range  is  covered,  and  it  would  otherwise  call  for  an  ex- 
cessive weight  of  wire  on  the  field. 


CHARACTERISTIC  CURVES. 


THE    METHOD    OF     DERIVING    EXTERNAL 
CHARACTERISTICS. 

3656.     From  the  formula  for  electromotive  force,  E  — 

c  N  S 
— — -— ,  it  is  evident  that  the  E.  M.  F.  is  proportional  to 

the  number  of  lines  of  force  iV,  provided  that  the  speed  is 
kept  constant.     The  shunt  ampere-turns  may  be  expressed 

as  .//  =  -jtX  /,  where  E^  =  the  E.  M.  F.  at  the  brushes. 

which  is  the  same  as  that  at  the  shunt  terminals  in  the  short- 
shunt  connection,  R  =  resistance  of  the  shunt  winding,  and 
/  =  number  of  shunt  turns.  It  follows,  therefore,  that  the 
E.  M.  F.  at  the  terminals  of  the  shunt  field  winding  is  pro- 
portional to  the  ampere-turns,  when  the  resistance,  which  is 
the  only  other  variable,  is  kept  constant.  After  the  machine 
has  been  running  for  some  time,  a  steady  temperature  is 
attained,   and  the  resistance   then  remains  unchanged.      It 
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will  therefore  be  seen  that  it  is  possible  to  lay  out  the  values 
of  lines  of  force  and  corresponding  ampere-turns,  expressed 
in  the  curves  of  Fig.  1357,  in  terms  of  E.  M.  F.  generated 
and  E.  M.  F,  at  field  terminals.  Such  a  transformation  has 
been  effected  in  Fig.  1359,  which  shows  the  three  curves  of 
Fig.  1357.  Curve  /is  the  no-load  curve  and  curve  //is  the 
full-load  curve.      Intermediate  between  them  is  curve  ///. 


to       20      30 


dO       50       60       TO       HO       90     JOO     HO    120    tUQ 
E.M.JP.ut  Field  Terminals. 


Fig.  1359. 


representing  half  load.  It  will  be  noticed  that  this  line  is 
slightly  nearer  to  the  no-load  curve  than  to  the  full-load 
curve,  which  is  accounted  for  by  the  fact  that  the  number 
of  back  ampere-turns  is  less  than  at  full  load,  so  that  a  higher 
voltage  is  produced  for  the  same  field  excitation.  At  first 
thought  it  may  be  supposed  that  the  E.  M.  F.  at  the  arma- 
ture terminals  and  that  at  the  field  terminals  must  necessa- 
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rily  be  of  the  same  value,  when  laid  off  by  the  magnetization 
curve.  Nevertheless  this  is  not  the  case,  for  we  should  then 
have  simply  .a  straight  line  for  the  curve  of  Fig.  1359,  run- 
ning diagonally  across  from  O  to  P. 

3657.     We  will  look  into  the  method  of  construction  of 

the  curves.      Let  us  take,  for  example,  the  following  values 

from  curve   /  of    Fig.  1357:      A^=  2,000,000;    y^/=  3,250. 

In  the  machine  we  are  considering,  the  number  of  armature 

conductors  is  252  =  r,   and  the  speed  5  =  960  revolutions 

_,,  J.      252  X  2,000,000  X  9G0      ^^  ^       . 

per  mmute.  Then,  h  =  — — ; — \^.'  ^^  w^ —  =  80. G  volts. 
^  '  00  X  100,000,000 

The  field  winding  has  4,750  turns,  with  a  resistance  of  75 

ohms,  hot.     Then,  the  E.  M.  F.  at  the  shunt  terminals  will  be 


A/  X  A"      3,250  X  75 
4,750 


£^  =  '''   ;-       =    '      ^.C.       =  51.3  volts. 


These  two  values  for  E.  M.  F.  are  laid  off  on  the  ruled  sheet, 
and  the  point  is  marked  where  the  lines  drawn  from  the  mar- 
ginal numbers  meet.  In  this  manner,  by  taking  any  corre- 
sponding values  of  lines  of  force  and  ampere-turns  from  the 
magnetization  curves,  those  curves  may  be  transferred  to 
this  sheet. 

3658.     In  a  shunt-wound  dynamo,  the  E.  M.  F.  at  the 

armature  terminals  is  of  course  the  same  as  that  at  the  field 
terminals;  therefore  it  follows  that  there  are  only  two  pos- 
sible values  of  E.  M.  F.  with  any  particular  current,  and 
these  are  at  the  points  where  the  curves  cross  the  diagonal 
O  P.  Curves  //and  ///give  the  value  of  the  full  armature 
E.  M.  F.  for  the  corresponding  loads;  but  when  it  is  desired 
to  know  the  external  E.  M.  F.,  that  is,  the  E.  M.  F.  avail- 
able for  the  external  circuit,  it  is  necessary  to  subtract  the 
loss  of  volts  through  the  armature.  For  the  full  load  of 
about  80  amperes  (inclusive  of  shunt  current)  we  have  taken 
a  drop  of  4  volts;  then  the  full-load  curve,  Fig.  1359,  modi- 
fied in  this  respect,  becomes  that  which  lies  below  curve  //, 
namely,  curve  /V,  and  the  half-load  curve  is  that  marked  F. 
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The  intersection,  then,  of  the  full-line  curves  of  Fig.  1359 
with  the  diagonal  O  P  shows  the  external  E.  M.  F.  which 
the  machine  in  question  will  give  under  varying  loads. 


EXTERNAL  CHARACTERISTICS  OF  SHUNT  DYXAMOS. 

3659.  The  performance  of  a  dynamo  under  load  may 
be  more  graphically  shown  by  means  of  what  is  called  a 
characteristic  curve,  or,  simply,  characteristic,  which 
may  be  at  once  constructed  from  the  data  given  in  Fig.  1359. 
The  external  characteristic  of  the  shunt  dynamo  described 
is  drawn  in  Fig.  1360.     The  ordinates  represent  the  external 
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Fig.  1360. 

E.  M.  F.  in  volts,  and  the  abscissas  the  current  in  the  exter- 
nal circuit  in  amperes,  these  values  being  ordinarily  laid  out 
to  the  same  scale,  as  shown,  as  this  ensures  uniformity  in  the 
general  appearance  of  the  characteristics. 

The  points  on  the  no-load  curve  are  at  a  and  0.  In  deter- 
mining the  points  on  the  curve  for  any  load,  as,  for  example, 
half  load,  the  intersection  of  the  half-load  curve  in  Fig.  1359 
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with  the  diagonal  is  noted;  from  the  half-load  current  of, 
say,  40  amperes  is  deducted  the  shunt  current,  and  the  val- 
ues for  E.  M.  F.  and  current  are  marked  oh  the  character- 
istic at  ^.  In  the  same  manner  the  full-load  current  less  the 
shunt  current  is  marked  at  c.  The  lower  values  of  E.  M.  F. 
for  these  external  currents  are  also  laid  off  at  d  and  e.  If 
still  larger  currents  were  shown  on  the  curves  of  magnetiza- 
tion, they  might  be  transferred  to  the  curve  of  the  external 
characteristic,  but  a  limit  is  reached  after  a  time,  when  no 
further  decrease  in  the  external  resistance  will  cause  the  cur- 
rent to  increase.  This  is  at  the  pointy",  where  the  charac- 
teristic begins  .to  bend  around  and  fall  very  rapidly. 


RESISTANCE  IN  THE  CHARACTERISTIC. 

3660.  The  current  and  E.  M.  F.  being,  as  we  have  said, 

laid  off  to  the  same  scale,  the  slope  of  a  line  drawn  from  the 

origin  0  to  any  point  on  the  curve,  such  as  c,  gives  the  value 

of  the  external  resistance  with  that  load.     The  resistance  is 

equal  to  the  electromotive  force  divided  by  the  current. 

Suppose  that,  at  the  point  r,  the  E.  M.  F.  is  115  volts, 'and 

the  current  is  78  amperes;  then  the  resistance  is-*,y^  =  1.475 

ohms.     But  in  the  triangle  c  o  h  the  side  c  h  represents  115 

ch 
divisions,  and  the  side  o  h  78  divisions;  also,  — r  is  the  tan- 
*  *  oh 

gent  of  the  angle  r ;  therefore,  the  resistance  of  the  external 

circuit  corresponding  to  any  point  on  the  characteristic  is  equal 

to  the  tangent  of  the  angle  of  slope  of  a  line  drawn  from  the 

origin  to  t fiat  point. 

366 1 .  It  is  usually  not  possible  to  so  overload  a  dynamo 
as  to  cause  it  to  work  on  the  rounded  portion  of  the  curve, 
because  there  would  be  great  trouble  from  heating,  and  the 
armature  would  be  in  danger  of  destruction.  It  is  certainly 
not  advisable  to  so  design  the  machine  as  to  require  working 
beyond  the  comparatively  straight  portion  oPthe  character- 
istic. When  the  machine  is  delivering  the  maximum  cur- 
rent, its  performance  will  be  unsatisfactory,  for  any  slight 
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change  in  the  external  resistance  will  greatly  affect  the 
E.  M.  F.,  the  field  magnetism  being  unstable.  If  the  re- 
sistance should  fall  so  that  the  slope  of  the  line  coincides 
with  the  line  o  d,  which  is  almost  a  straight  line,  the  E.  M.  F. 
and  current  will  vary  within  wide  limits,  even  though  the 
resistance  remains  practically  constant.  This  is  called  the 
critical  resistance. 

3662.  The  fall  of  the  characteristic  from  the  point  of 
no  load,  when  the  E.  M.  F.  is  highest,  is  due  to  drop  of  po- 
tential through  the  armature  and  to  the  weakening  and  de- 
magnetizing action  of  the  armature  current.  In  laying  out 
this  curve,  we  have  taken  the  armature  drop  at  full  load  as 
being  4  volts.  This  is  allowing  a  good  margin,  since  we 
found  the  actual  resistance  of  the  copper  conductors  to 
be  only  .0338  ohm,  corresponding  to  a  loss  of  2.7  volts.  It 
is  possible  that,  if  the  drop  at  full  load  were  measured 
after  the  machine  is  constructed,  the  loss  might  be  less. 
The  effect  on  the  shape  of  the  characteristic  would  then  be 
to  lengthen  out  the  curve,  so  that  it  might  pass  through  the 
point  g.  It  is,  then,  evident  that  by  lowering  the  resistance 
of  the  armature  we  increase  the  range  of  the  dynamo;  not 
that  it  becomes  advisable,  necessarily,  to  carry  more  load, 
but  the  working  range  becomes  more  extended,  so  that  a 
heavy  overload  may  be  taken  with  less  fall  in  E.  M.  F.  at 
the  terminals  of  the  external  circuit.  Also,  the  critical  re- 
sistance is  reduced,  as  is  seen  by  the  slope  of  the  lower 
portion  of  the  curve. 


CHARACTERISTIC  FROM  TESTS. 

3663.  The  characteristic  may  be  constructed  by  test 
on  the  machine  itself.  The  dynamo  is  run  at  a  constant 
speed,  and  the  external  resistance  is  varied,  thereby  produ- 
cing variation  in  the  current  output.  Simultaneous  readings 
are  then  taken  of  the  E.  M.  F.  and  current  by  means  of  a 
voltmeter   and    an    ammeter,    and    these    readings    furnish 
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points  on  the  required  curve.  There  are  two  possible 
values  of  E.  M.  F.  for  each  value  of  the  external  current, 
except  the  maximum,  these  values  depending  upon  the  re- 
sistance of  the  external  circuit.  At  no  load,  for  example, 
the  E.  M.  F.  may  be  119  or  0,  the  resistance  being  in  the  first 
case  infinitely  large,  and  in  the  second  case  the  armature 
terminals  would  be  short-circuited,  giving  a  resistance  prac- 
tically equal  to  zero.  If  the  resistance  is  gradually  in- 
creased from  0,  the  shunt  current  will  begin  to  energize  the 
field  as  soon  as  the  critical  resistance  is  passed,  which,  in 
the  dynamo  under  consideration,  would  be  in  the  neighbor- 
hood of  .5  ohm. 

3664.  The  characteristic  of  Fig.  1360  has  been  calcu- 
lated for  a  speed  of  960  revolutions  per  minute,  and  it  is  cor- 
rect for  that  speed  alone.  With  the  same  magnetizing 
ampere-turns  and  a  higher  speed,  the  induction  in  the  air- 
gap  being  the  same,  the  E.  M.  F.  would  be  higher;  this  in 
its  turn  would  increase  the  field  ampere-turns,  again  raising 
the  external  E.  M.  F.  by  a  slight  amount.  For  a  higher  speed, 
therefore,  the  characteristic  will  lie  higher  on  the  upper 
part  than  for  a  lower  speed,  will  make  a  smaller  angle 
with  the  horizontal  line  at  the  lower  portion,  and  will  ex- 
tend correspondingly  outwards  towards  the  right-hand  side 
of  the  sheet,  as  shown  by  the  dotted  line.  An  increase  in 
speed  will,  then,  increase  the  output  of  the  machine;  for  if 
the  current  is  limited,  as  before,  by  the  heating  of  the  con- 
ductors, the  product  of  electromotive  force  and  current  will 
be  greater,  that  is,  the  watts  output  will  be  a  higher  figure. 

3665.  The  value  of  the  falling  characteristic  is  that  if 
the  machine  is  short-circuited  by  accident,  the  E.  M.  F.  will 
fall  to  zero  and  the  output  will  cease.  If  the  engine  is  well 
governed  no  harm  will  result,  except  it  be  through  sudden 
discharge  of  the  field,  which  may  be  a  serious  matter  in  the 
case  of  a  high-voltage  machine  with  many  turns  in  the  field 
winding. 
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CHARACTERISTICS    OF    SERIES    DYNAMOS. 
3666.     The    shape    of    the     characteristic  of    a    series 
dynamo  is  quite  different   from  that  of  a  shunt  dynamo. 

Since  almost  the 
only  use  to  which 
a  series  dynamo  is 
put  is  to  supply  con- 
stant current  for 
arc  lighting,  a  char- 
acteristic must  be 
chosen  of  such 
shape  at  the  work- 
ing point  that  vari- 
ation in  the  resist- 
ance of  the  circuit 
will  have  little  ef- 
fect upon  the  cur- 
rent. Entire  re- 
liance can  not  be 
placed  upon  this 
method  of  regula- 
tion, however,  and 
the  usual  current 
regulators  must  al- 
ways be  employed. 
Fig.  13G1  shows  the 
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general    form    of   the    series   external    characteristic    for   a 
dynamo  giving  a  current  of  45  amperes  at  75  volts. 

3667.  It  will  be  noticed  that  the  critical  resistance  is 
one  which  is  greater  than  the  working  resistance,  instead  of 
less,  as  in  the  shunt  dynamo.  The  general  form  of  the  char- 
acteristic is  similar  to  a  curve  of  magnetization,  and  it  would 
approach  it  more  nearly  if  the  total  E.  M.  F.  were  laid  off, 
instead  of  the  external  E.  M.  F.  The  droop  of  the  charac- 
teristic is  due  to  loss  of  potential  through  the  armature, 
owing  to  its  necessarily  high  resistance  and  its  self-induction; 
also  to  the  fact  of  the  armature  being  highly  saturated  before 
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the  field-magnets  reach  that  state,  and  to  the  demagnetizing 
action  of  the  back  ampere-turns,  as  in  a  shunt  dynamo. 
These  effects  increase  with  the  current,  but  the  increase  in 
E.  M.  F.  being  continually  smaller,  it  reaches  a  point  where 
the  losses  overpower  it,  producing  thereby  the  droop  in  the 
curve. 

EFFICIENCY. 


ELECTRICAL  EFFICIENCY. 

3668.  The  electrical  efficiency  is  the  ratio  of  the  useful 

output  to  the  total  output,   and  is  therefore  usually  high. 
This  ratio  may  be  expressed  in  percentage  as  follows: 

E  =  i|^.  (596.) 

where  ^  =  E.  M.  F.  at  brushes; 

E  =  total  E.  M.  F.  generated; 

C  =  current  available  for  outside  circuit; 

Ca  =  total  current  in  armature. 

T/ie  electrical  efficiency  of  a  dynajno  is  equal  to  100  times 
the  product  of  the  E.  M.  F.  at  the  brushes  and  the  current  in 
the  external  circuity  divided  by  the  product  of  the  total  E.  M.  F, 
of  the  dynamo  and  the  total  armature  current. 

3669.  In  applying  this  formula  to  our  dynamo,  we 
should  get  the  same  result.     Then, 

_       100  X  115  X  78      ^_ 

^=      119X79.42     ^^^P^'-cenL 


COMMERCIAL  EFFICIENCY. 
3670.  The  commercial  or  net  efficiency  is  always  lower 
than  the  electrical  efficiency,  because  it  expresses  the  rela- 
tion between  the  useful  output  e  C  and  the  power  required 
to  drive  the  machine,  which  latter  is  required  to  overcome 
all  inherent  losses  caused  by  friction,  hysteresis,  and  eddy 
currents,  as  well  as  the  C*  R  losses  of  armature  and  field. 


2458  DYNAMO-ELECTRIC  MACHINE  DESIGN. 

It  is  usually  understood,  when  the  term  efficiency  is  applied 
to  a  dynamo,  that  commercial  efficiency  is  referred  to,  and 
it  is  to  be  so  taken  in  connection  with  the  discussion  following. 

In  a  dynamo  the  mechanical  energy  delivered  to  the  arma- 
ture shaft  is  usually  called  the  input ;  the  electrical  energy 
appearing  in  the  external  circuit  from  the  brushes  is  called 
the  output ;  and  the  energy  converted  into  heat  directly  or 
indirectly  in  the  dynamo  itself  is  termed  energy  losses,  or 
simply  losses.  This  last  term  is  not  a  strictly  true  one;  for 
the  energy  converted  into  heat  in  the  dynamo  is  lost  only  in 
relation  to  its  utility — it  can  not  be  utilized  to  an  advantage, 
and,  if  too  intense,  endangers  the  life  of  the  machine. 

From  what  has  been  stated,  it  will  be  seen  that  the  input 
to  a  dynamo  is  always  equal  to  the  output  at  the  brushes 
plus  the  losses  in  the  machine  itself;  or,  in  other  words,  the 
losses  in  the  dynamo  are  equal  to  the  difference  between  the 
input  and  the  output.  It  is  assumed  in  the  above  statement 
that  the  input^  output,  and  losses  are  reduced  to  the  same 
units.  For  example,  suppose  that  20  horsepower  is  delivered 
to  the  armature  shaft  of  a  dynamo  where  the  output  from  the 
brushes  to  the  external  circuit  is  13,428  watts.  Reducing 
the  20  horsepower  to  watts  gives  20  X  746  =  14,920  watts; 
hence,  the  losses  in  the  dynamo  are  equal  to  the  difference 
between  the  input  of  14,920  watts  and  the  output  of  13,428 
watts,  or  14,920  —  13,428  =  1,492  watts. 

3671.  It  is  more  convenient,  however,  to  express  the 
relation  of  the  input,  output,  and  losses  of  a  dynamo  in  per- 
centage; that  is,  the  output  as  well  as  the  losses  may  be  ex- 
pressed as  a  certain  per  cent,  of  the  input. 

Let  /  =  the  input  of  a  dynamo,  or  the  power  applied  at 
the  pulley ; 
O  =  the  output; 
E  =  the  per  cent,  commercial  efficiency. 

Then,  the  per  cent,  efficiency  of  a  dynamo  may  be  found 
by  the  formula 
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That  is,  to  find  the  per  cent,  efficiency  of  a  dynamo^  divide 
the  output  in  watts  by  the  input  in  watts  and  multiply  by 
100. 

For  instance,  in  the  above  example,  the  efficiency,  by  for- 
mula 597, 

_       100  X  13,428      ^., 

^  =        14,920    -  =  ''  P^'  ^^"'- 

3672.  The  relation  of  the  input  to  the  heat  losses  in  a 
dynamo,  expressed  in  percentage,  is  termed  the  per  cent, 
loss. 

Thus,  letting  L  =  the  per  cent,  loss,  the  per  cent,  loss  in  a 
dynamo  may  be  found  by  the  following  formula: 


L  = 


lOOjT-0)^  (59S.) 


To  find  the  total  per  cent,  loss  in  a  dynamo,  divide  the 
difference  between  the  input  and  the  output  in  watts  by  the 
input  in  watts  and  multiply  by  100. 

Example. — (a)  What  is  the  per  cent,  efficiency  of  a  dynamo,  if  10 
horsepower  is  delivered  to  the  armature  shaft  and  the  output  from  the 
brushes  is  equivalent  to  6,341  watts?  {b)  What  is  the  total  per  cent, 
loss  in  the  dynamo  when  running  under  these  conditions  ? 

Solution.— Reducing  the  input  of  10  H.  P.  gives  10  X  746  =  7,460 
watts  input,     (a)  By  formula  597,  the  efficiency 

E  =  — s-nii^ —  =  85  per  cent.    Ans. 
7,4o0 

(iJ)  By  formula  598,  the  total  loss 

.       100(7,460-6,341)      ^^  ^       . 

L  = ^ — s-tttt; =  15  per  cent.     Ans. 

«,4o0 

3673.  When  the  output  of  a  dynamo  and  its  corre- 
sponding efficiency  are  given,  the  input  necessary  may  be 
found  by  the  following  formula: 

j=my^,      (599.) 

The  input  necessary  to  drive  a  dynamo,  when  its  output 
and  efficiency    at   that   output  are  given,    is    obtained  by 
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dividing  the  output  by  the  per  cent,  efficiency  and  multiplying 
the  quotient  by  100. 

Example. — The  efficiency  of  a  constant-potential  dynamo  is  found 
to  be  85^  when  giving  an  output  of  6,341  watts;  find  the  input  in  horse- 
power necessary  to  drive  its  armature  shaft  under  these  conditions. 

100  X  6,341 


Solution. — By  formula  599, the  necessary  input  /: 


85 


7,460  watts.     The  equivalent  of  7,460  watts  in  horsepower  is    '        = 

10  horsepower,  which  is  the  power   required  to  drive  the  armature 
shaft  of  the  dynamo  under  the  stated  conditions.     Ans. 

3674.  When  the  input  of  a  dynamo  and  its  corre- 
sponding efficiency  are  given,  the  output  may  be  found  by 
the  following  formula: 

0  =  ^.  (600.) 

The  output  of  a  dynamo.,  of  which  the  inpiit  and  the  effi- 
ciency at  that  input  are  given.,  is  obtained  by  multiplying  the 
input  by  the  per  cent.  efficie?tcy  and  dividing  by  100. 

Example. — An  input  of  35  horsepower  is  delivered  to  the  shaft  of  a 
dynamo;  Vf  its  efficiency  at  that  input  is  89.5^,  find  its  output  in  watts. 

Solution. — The  equivalent  of  35  horsepower  is  35x746  =  26,110 

watts.     By  formula  600,  the  output  of  the  dynamo  under  these  con- 

^      26,110  X  89.5      _„  „„  .^ 
ditions,  O  =  — - — j~ — -  =  23,368.45  watts.     Ans. 

3675.  The  efficiency  of  a  dynamo  depends  upon  its 
character,  construction,  condition  when  tested,  its  capacity 
(or  output),  losses,  and  various  other  conditions;  in  fact, 
two  dynamos  of  the  same  construction  and  capacity  seldom 
show  exactly  the  same  efficiencies.  The  following  list,  how- 
ever, will  give  the  student  a  general  idea  of  the  approxi- 
mate per  cent,  efficiencies  which  should  be  obtained  from 
constant-potential  machines  of  different  capacities,  or  out- 
puts, under  ordinary  conditions  to  be  met  with  in  practice: 

From  750  to  1,500  watts  output,  inclusive,  about  75^ 
efficiency. 

From  3,000  to  5,000  watts  output,  inclusive,  about  80^ 
efficiency. 
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From  7,500  to  10,000  watts  output,  inclusive,  about  85^ 
efficiency. 

From  15,000  to  100,000  watts  output,  inclusive,  about  90^ 
efficiency. 

From  150,000  watts  output  and  upwards,  from  91  to  93^ 
efficiency. 

LOSSES. 

3676.  The  total  loss  of  power  in  a  dynamo  can  be  sep- 
arated into  smaller  losses,  depending  upon  the  manner  in 
which  the  loss  is  produced  and  the  part  of  the  dynamo  in 
which  it  occurs.  In  ordinary  cases,  all  the  losses  will  come 
under  one  of  the  following  heads: 

1.  Mechanical  friction  loss. 

2.  Core  loss. 

3.  Field  loss. 

4.  Armature  loss. 

FRICTION    LOSSES. 

3677.  The  larger  part  of  the  loss  due  to  mechanical 
friction  takes  place  usually  between  the  bearings  and  jour- 
nals. The  brushes  rubbing  on  the  commutator  also  produce 
friction,  in  some  cases  this  being  equal  to  bearing  friction 
and  air  friction  combined.  The  per  cent,  of  power  lost  in 
mechanical  friction  necessarily  depends  upon  the  construc- 
tion and  condition  of  the  bearings  and  journals,  upon  the 
size  of  the  machine,  and  to  some  extent  on  the  method  of 
driving  the  armature  shaft.  Under  ordinary  conditions, 
the  loss  in  mechanical  friction  should  not  exceed  5^  of  the 
input  of  dynamos  from  1,500  up  to  about  10,000  watts  out- 
put, and  3,'^  of  the  input  of  dynamos  from  15,000  to  100,000 
watts  output.  For  example,  suppose  that  a  dynamo  has  an 
efficiency  of  88^  at  its  rated  output  of  22,000  watts,  and  a 
test  shows  that  2.5^  of  the  input  is  lost  in  mechanical  fric- 
tion. The  total  loss  in  the  machine  is  100  —  88  =  12j^,  of 
which  2.5^  is  lost  in  friction;  the  remaining  9.5j^  loss  is  due 
to  other  causes.      The   total  input  to  the    machine,    from 
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22  000 
formula    600,  is       '         x  100  =  25,000    watts;   hence,    the 
oo 

,     ^  .     -  .     .       .    25,000  X  2.5       ^.„        ^^ 
power  lost  in  friction  is  — - —        — ■  =  625  watts. 


CORE  LOSSES. 

3678.  The  core  loss  is  the  energy  converted  into  heat 
in  the  iron  disks  of  the  armature  core  when  they  are  rotated 
in  the  magnetic  field.  A  small  portion  of  this  loss  is  due  to 
eddy  currents  generated  in  the  revolving  core  disks;  the 
larger  portion  of  the  loss  is  due  to  a  magnetic  friction  which 
occurs  whenever  the  direction  of  the  lines  of  force  is  rapidly 
changed  in  a  magnetic  substance.  When  the  magnetism  of 
an  electromagnet  is  rapidly  reversed,  that  is,  when  the 
direction  of  the  lines  of  force  is  suddenly  changed  several 
times  in  rapid  succession  by  reversing  the  direction  of  the 
magnetizing  current,  the  iron  or  steel  in  the  core  becomes 
heated,  which  necessitates  a  certain  amount  of  energy  being 
expended.  This  effect  is  called  hysteresis  (pronounced 
his-ter-ee'-sis). 

3679.  The  energy  expended  by  hysteresis  is  furnished 
by  the  force  which  causes  the  change  in  the  magnetism, 
and,  in  the  case  of  an  electromagnet  where  the  magnetism 
is  reversed  by  the  magnetizing  current  being  reversed,  the 
energy  is  supplied  by  the  magnetizing  current. 

The  same  effect  is  produced  when  the  iron  of  the  arma- 
ture core  is  rapidly  rotated  in  the  constant  magnetic  field  of 
the  dynamo;  this  case  differs  from  the  electromagnet  only 
in  the  fact  that  the  magnetic  lines  of  force  remain  at  rest 
and  the  iron  core  is  made  to  rotate.  Since  the  core  is  ro- 
tated from  the  armature  shaft,  the  energy  lost  in  hysteresis 
is  furnished  by  the  force  which  drives  the  shaft. 

The  loss  of  energy  due  to  hysteresis  depends  (1)  upon  the 
hardness  and  quality  of  the  magnetic  substance  in  which 
the  magnetic  change  takes  place,  (2)  upon  the  amount  of 
metal  in  which  the  reversal  takes  place,  (3)  upon  the  num- 
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ber  of  complete  reversals  of  magnetism  per  second,  and  (4) 
upon  the  maximum  density  of  the  lines  of  force  in  the 
metal.  Building  the  core  of  iron  disks  does  not  affect  the 
hysteretic  loss;  it  only  reduces  the  eddy  currents.  Hyster- 
etic  loss  is  greatly  reduced  by  using  soft  annealed  iron, 
which  exhibits  only  slight  traces  of  residual  magnetism; 
for  where  the  residual  magnetism  is  large,  the  loss  due 
to  hysteresis  is  large  in  proportion.  The  hysteretic  loss 
increases  in  a  certain  ratio  with  the  magnetic  density 
and  the  number  of  reversals  per  second;  hence,  these 
quantities  are  kept  within  reasonable  limits.  The  mag- 
netic density  in  the  armature  rarely  exceeds  85,000  lines 
of  force  per  square  inch;  and  the  maximum  number  of 
complete  reversals  of  magnetism  in  the  armature  core  is 
about  133  per  second.  In  bipolar  dynamos  the  number  of 
complete  reversals  of  magnetism  in  the  armature  is  equal  to 
the  number  of  revolutions  per  second  at  which  the  armature 
shaft  is  driven;  in  multipolar  machines  the  number  of  re- 
versals is  equal  to  the  number  of  revolutions  of  the  arma- 
ture shaft  multiplied  by  the  number  oi  pairs  of  poles.  For 
example,  if  the  armature  of  a  four-pole  dynamo  is  driven  at 
000  revolutions  per  minute,  or  10  revolutions  per  second, 
the  number  of  complete  reversals  of  magnetism  in  the 
armature  core  is  10  X  2  =  20  per  second. 

In  a  well-designed  dynamo,  the  core  loss,  including  eddy 
currents  and  hysteresis,  should  not  exceed  2;^  of  its  input 
when  delivering  its  rated  output  from  the  brushes. 


FIELD  Losses. 

3680.  In  self-exciting  dynamos,  a  portion  of  the  elec- 
trical energy  generated  in  the  armature  is  required  to  excite 
the  field-magnets.  This  energy  is  considered  as  one. of  the 
losses  of  the  dynamo,  since  it  does  not  appear  in  the  external 
circuit  and  is  entirely  dissipated  in  the  form  of  heat. 

In  a  series-connected  dynamo,  where  the  total  current 
from  the  armature  passes  through  the  magnetizing  coils, 
the  power  in  watts  is  equal  to  the  square  of  the  current, 
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multiplied  by  the  resistance  of  the  series  turns.  If,  then,  C 
is  the  total  current  from  the  armature,  r  is  the  total  resist- 
ance of  the  series  coils,  and  IF  is  the  watts  lost  in  the  series 
coils,  then,  fi^=  C^  r.  For  example,  suppose  that  a  series 
dynamo  generates  200  volts  between  its  terminals  when  a 
current  of  100  amperes  is  flowing  from  its  brushes  through 
its  series  coils  and  through  the  external  circuit.  The  total 
output  of  the  dynamo  is  then  100x200  =  20,000  watts. 
If  the  total  resistance  of  the  series  coils  is  .1  ohm,  then  the 
number  of  watts  (/F)  required  to  excite  the  field-magnets  is 
O  r^  100'  X  .1  =  100  X  100  X  .1  =  1,000  watts. 

3681.  In  a  shunt  dynamo  which  generates  a  nearly 
constant  potential  for  limited  strengths  of  current  in  the 
armature,  the  field  coils  usually  consist  of  a  large  number  of 
turns  of  fine  wire,  offering  a  high  resistance  compared  with 
the  field  coils  of  a  series  dynamo.  The  power  in  watts  JF  = 
C  E\  that  is,  it  is  equal  to  the  current  in  amperes  flowing 
through  the  shunt  coils  multiplied  by  the  difference  of 
potential  in  volts  between  the  terminals  of  the  shunt  coils. 
We  will  suppose,  for  example,  that  the  current  C'  =  2  amperes 
and  the  E.  M.  F.  ^  =  110  volts;  then  W~1^  110  —  220 
watts,  which  represents  the  power  required  by  the  field- 
magnets. 

Since  the  power  in  watts  can  be  expressed  in  terms  of  re- 
sistance and  electromotive  force,  or  resistance  and  strength 
of  current,  the  number  of  watts  dissipated  in  the  shunt  coil 

may  also  be  expressed  as    \V  =  C"^  R,  or  JV  =  -^  where  A'  = 

resistance  of  shunt. 

3682.  All  other  conditions  being  similar,  the  same  num- 
ber of  watts  will  be  dissipated  in  a  shunt  field  coil  as  in  a 
series  coil,  provided  an  equal  amount  of  magnetizing  force 
is  produced  in  the  two  cases. 

3683.  In  a  compound-wound  dynamo,  the  field  loss  con- 
sists of  two  losses,  one  in  the  series  coil  and  the  other  in  the 
shunt  coil.  The  loss  in  the  series  coil  depends  upon  the 
strength  of  current  flowing  from  the  dynamo,  as  in  the  case 
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of  a  simple  series  dynamo;  while  the  loss  in  the  shunt  coil  is 
constant,  irrespective  of  the  load  on  the  machine;  provided, 
of  course,  the  dynamo  generates  a  constant  electromotive 
force  for  all  loads.  This  can  readily  be  understood  from  the 
following  example  :  A  dynamo  is  compounded  to  generate 
220  volts  between  its  terminals  for  all  loads  up  to  its  rated 
capacity;  that  is,  when  the  current  from  the  armature  be- 
comes stronger  and  the  difference  of  potential  between  the 
terminals  tends  to  fall,  the  current  in  passing  through  the 
series  coil  strengthens  the  field-magnets  sufficiently  to  keep 
a  difference  of  exactly  220  volts  between  the  terminals  of  the 
dynamo.  Assume  the  resistance  of  the  shunt  coil  to  be  275 
ohms  and  that  of  the  series  coil  to  be  .055  ohm.  At  a  rated 
output  of  4,400  watts,  the  current  flowing  through  the  series 

4  400 
coil  and  into  the  external  circuit  is  ~r —  =  20  amperes  (assu- 

ming  the  connections  are  made  for  a  s/iorf  shtmt^.     At  all 

E        220 
loads,  the  current  in  the  shunt  coil  is  C^=^—=  ^^^  =  .8 

R,       27o 

ampere ;  and  the  loss  of  power  in  the  shunt  coil  is  W^  =  E^X 

C,  =  220  X  .8  =  17G  watts;  even  when  the  external  circuit  is 

open  the  loss  in  the  shunt  coil  remains  constant,  or  176  watts 

in  this  particular  case.     The  loss  in  the  series  coil,  however, 

varies  directly  with  the  square  of  the  current  passing  through 

it.     In  this  example,  the  loss  in  the  series  coil  \%\V  =  O  Y.  r 

—  20'  X  .055  =  22  watts;   at  half  load,  or  10  amperes,  the 

loss  is  W  —  10'  X  .055  =  5.5  watts,  etc. ;  at  no  load  there  is 

no  current  in  the  series  coil,  and,  consequently,  no  loss.     The 

total  field  loss  in  a   compound   dynamo  is  the  sum  of  the 

losses  in  the  series  and  shunt  coils.     For  instance,  in  this 

example,  the  total  field  loss  at  full  load  is  198  watts;  at  half 

load  IS  1.5  watts,  and  at  no  load  17G  watts. 


ARMATL'Ri:   LOSSES. 

3684.  The  principal  armature  loss  is  that  produced  by 
the  current  in  flowing  against  the  internal  resistance  of  the 
armature,  that  is,  the  resistance  of  the  armature  conductors. 
The  core  losses  previously  described  could  also  be  classed  as 

.1/.  /..    /I  .     .  , 
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part  of  the  armature  losses;  but  it  is  usual  to  consider  them 
apart.  The  armature  loss  proper  is  usually  termed  the  cop- 
per or  wire  loss,  since  it  is  due  to  the  resistance  of  the  arma- 
ture conductors,  which  are  composed  of  copper  wire  or  bars. 
The  internal  resistance  of  an  armature  is  an  exceedingly 
variable  quantity,  depending  upon  the  form,  construction 
size,  number  of  conductors,  size  of  conductors,  etc.  In  con- 
stant-potential dynamos,  generally  speaking,  the  internal 
resistance  of  the  armature  must  necessarily  be  comparatively 
small,  since  it  determines  the  maximum  strength  of  current 
that  can  be  obtained  from  the  dynamo,  as  will  be  seen  sub- 
sequently. 

3685.  The  armature  loss  depends  upon  the  amount  of 
internal  resistance  and  upon  the  strength  of  current  flowing 
through  the  armature  conductors.  In  a  given  armature  the 
internal  resistance  remains  constant  at  equal  temperatures, 
while  the  strength  of  current  varies  with  the  load  upon  the 
dynamo  at  that  particular  moment;  in  other  words,  this  loss 
occurs  only  when  there  is  a  current  flowing  through  the 
armature — the  stronger  the  current,  the  greater  is  the  loss, 
and  viee  versa.  In  an  armature  the  number  of  watts  lost  in 
the  armature  conductors  is  equal  to  the  square  of  the  cur- 
rent in  amperes  flowing  through  the  armature  multiplied  by 
the  internal  resistance  in  ohms  of  the  armature,  from  the 
positive  to  the  negative  brush. 


EDDY-CURRENT    LOSSES. 

3686,  Aside  from  the  four  principal  losses  mentioned, 
other  small  losses  occur  in  some  machines  when  the  arma- 
ture is  revolving.  If  large  conductors  are  used  in  the  wind- 
ing of  the  armatures,  a  difference  of  potential  is  sometimes 
generated  between  the  edges  of  the  conductor  in  such  a  man- 
ner as  to  give  rise  to  small  eddy,  or  local,  currents  in  the 
conductors  themselves,  but  the  currents  do  not  appear  in  the 
external  circuit  and  are  useless.  In  some  cases  these  local 
currents  dissipate  considerable  energy  and  heat   the  arma- 
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ture  badly  when  the  machine  is  not  loaded;  but  in  a  well- 
designed  dynamo  they  are  too  small  to  be  considered. 

3687.  In  a  slotted  armature  the  projecting  teeth  have 
a  tendency  to  disturb  the  position  of  the  lines  of  force 
where  they  enter  and  leave  the  polar  faces,  as  we  have 
already  seen.  As  in  the  previous  case,  a  well-designed  dy- 
namo will  show  but  few  traces  of  these  eddy,  or  Foucault  cur- 
rents, as  they  are  called  in  honor  of  the  man  who  first  rec- 
ognized their  existence.  Other  local  currents  may  occur  in 
various  parts  of  some  dynamos  on  account  of  bad  design,  but 
it  is  only  necessary  here  to  treat  specifically  upon  such  losses 
as  are  common  to  all  dynamos  and  impossible  to  eliminate. 

3688.  From  the  previous  articles,  the  following  sum- 
mary will  be  a  help  to  establish  the  rules  of  efficiency  and 
losses  : 

Input  =  the  power  driving  the  dynamo,  which  is  derived 
from  some  outside  agency. 

Output  =  input  minus  the  total  losses. 

Total  losses  =  the  sum  of  the  friction,  core,  field,  arma- 
ture, and  other  losses. 

^  ^^    .  input  minus  total  losses       ,    ^ 

Per  cent,   efflciencv  =  — ^i -. X  100. 

mput 

OUtl)Ut         ,„^ 

or  -. — ! — -  X  100. 
mput 

^    .         ,     ^  .     .  friction  losses       ,^^ 

Per  cent.  loss  in  friction  = : X  100. 

mput 

,,  ^    .         .  core  losses      ^^^ 

Per  cent.  loss  in  core  =  — : •  X  100. 

mput 

w^  .         .     ^   .  -       field  losses      ,^^ 

Per  cent,  loss  in  field  = : X  100. 

mput 

_  ^    .         .  armature  losses 

Per  cent.  loss  in  armature  = ; X  100. 

mput 
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MECHANICAL  CONSTRUCTION. 


MAGNETIC    CIRCUITS. 

3689.  In  our  calculations  for  finding  the  required 
ampere-turns  for  a  dynamo,  we  have  considered  in  detail  the 

different  parts  of  the  magnetic  cir- 
cuit. In  a  bipolar  dynamo  of  the 
type  we  have  considered  there  is  but 
one  such  circuit.  Although  this  sub- 
ject has  been  referred  to  in  the  sec- 
tion on  Applied  Electricity,  it  may 
I  be  well  to  repeat  a  few  of  the  impor- 
tant remarks  there  made  respecting 
the  number  of  circuits  in  different 
Fig.  1362.  styles  of  field  frames. 

3690.  The  single -circuit  salient-pole  type  shown  in  Fig. 
13G2  has  one  magnetizing  coil  IV  which  drives  the  lines  of 
force  through  the  circuit  M and  the  armature  A.  If,  now, 
we  divide  the  field  frame  into  two  portions,  each  of  one-half 
the  cross-section  of  the  frame  in  Fig.  13G2,  we  shall  have  two 
circuits,  in  each  of  which  the  density  will  be  the  same  as  in 
Fig.  1362.  The  appearance  of  the  frame  will  be  as  drawn 
in  Fig.  1363,  where  the  two 


circuits  M,  M'  take  the  place 
of  the  single  circuit  of  Fig. 
1362.  Suppose  Fig.  1362  re- 
quires a  field  winding  of 
10,000  ampere  turns;  it  is  all 
in  one  coil,  and  the  difference 
of  potential  across  its  termi- 
nals is  that  of  the  armature, 
say  120  volts.  Now,  in  Fig.  1363  each  of  the  coils  JF,  W 
requires  10,000  ampere-turns  (approximately),  because  the 
densities  are  the  same,  also  the  lengths,  except  the  length  of 
yoke,  which  is  a  trifle  less.  But  two  circles  whose  areas  are 
as  2  to  1  have  circumferences  of  a  ratio  1  to  ,707,  so  that  the 
total  length  of  wire  for  the  double  circuit  will  be  about  1.414 
times  that  required  for  a  single  circuit.     The  size  of  wire 


Fig.  13c;;. 
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may  be  found  by  applying  formula  592.  If  only  one  mag- 
netic circuit  is  considered,  it  will  be  necessary  to  take  60 
volts  as  the  E.  M.  F.  across  its  terminals,  because  the  two 
coils  are  to  be  connected  in  series. 

3691.     In  the  four-pole  dynamo  of  Fig.  13C-1:  (a),  there 
are  four  paths  along  which  the  lines  of  force  flow;  but  the 


Fig.  13W. 


magnetic  circuits  to  be  considered  in  determining  the  ampere- 
turns  are  only  two.  Another  disposition  of  the  field  frame 
and  yokes,  as  at  (^),  does  not  change  the  number  of  circuits 
through  the  armature,  or  the  distribution  of  the  lines  of 
force;  yet  in  this  case  there  areevidently  only  two  magnetic 
circuits  for  which  the  ampere-turns  are  to  be  calculated.  If, 
therefore,  we  determine  the  densities  in  the  different  mate- 
rials forming  the  path  a  be  de,  we  may  calculate  the  ampere- 
turns  required  for  the  length  of  that  composite  path  or  cir- 
cuit, and  double  this  number  of  ampere-turns  will  be  required 
for  the  whole  machine,  or  one-half  this  number  will  be  placed 
on  each  of  the  four  coils.  In  like  manner,  a  six-pole  dynamo 
may  be  considered  as  having  three  magnetic  circuits,  or  as 
requiring  for  the  whole  machine  three  times  the  number  of 
ampere-turns  calculated  for  a  single  complete  magnetic  cir- 
cuit; an  eight-pole  dynamo  will  have  four  magnetic  circuits, 
and  so  on. 

3692.  It  is  possible  to  construct  a  bipolar  dynamo  for 
any  output,  but  this  form  is  not  advisable  for  machines  of 
more  than  about  15  or  20  horsepower,  as  they  become  too 
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heavy.  There  is  a  saving  in  iron  by  subdividing  the  circuits, 
and  we  have  already  pointed  out  how  the  volume  of  current 
may  be  increased  by  the  multipolar  construction.  In  small 
machines,  the  extra  expense  of  multipolar  fields  is  not  war- 
ranted, as  the  labor  bears  a  much  greater  proportion  to  the 
weight  than  is  the  case  with  large  machines. 


LEAKAGB. 

3693.     The  leakage  factor  which  determines  the  size  of 
the  magnet  core  is  not  always  to  be  taken  as  1.25,   as  in 
/■ X    the     foregoing     calcula- 
tions.    In  those  machines 
having  the    yokes    lying 
close  to  the   pole-pieces, 
as,     for     example,     that 
shown  in  Fig.  1365,  there 
may  be  considerable  leak- 
age across  from  the  pole 
tips,    along    the    circuits 
Fig.  iyt)5.  indicated  by  the    dotted 

lines.  A  factor  of  1.5  may  then  be  necessary,  or  even  a 
higher  figure.  Leakage  is  increased  by  proximity  of  iron  or 
steel  masses,  such  as  bearings  and  their  pedestals;  hence, 
they  should  be  placed  as  far  away  from  the  pole-pieces  as  is 
convenient,  or  if  they  are  necessarily  close,  the  castings 
should  be  of  non-magnetic  metals.  With  a  high  degree  of 
saturation  in  the  armature,  leakage  is  increased.  Some  loss 
in  magnetizing  force  due  to  leakage  is  unavoidable,  but  even 
a  comparatively  large  leakage  represents  but  a  small  per 
cent,  of  the  cutput  of  the  machine,  so  that  the  loss  in  this 
regard  is  not  excessive. 


ARMATURE  CORES. 

3694.     The  ratio  of  the  diameter  of  an  armature  to  its 

length  is  usually  readily  determined  by  the  peripheral  speed 

at  which  it  is  desired  to  run  and  by  the  density  of  lines  of 

force  in  the  armature  core.     For  purposes  of  comparison,  it 
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may,  however,  be  stated  that  a  proportion  of  about  1^  or  2 
to  1  for  diameter  to  length  will  be  found  suitable  for  dyna- 
mos of  about  5  horsepower  and  under,  while  the  proportion- 
ate length  of  armature  may  be  somewhat  less  for  machines 
of  about  100  horsepower,  four-pole  construction.  Direct- 
connected  dynamos  are  usually  of  large  dianfeter  and  nar- 
row across  the  armature,  in  order  to  economize  space.  In 
this  type,  the  diameter  may  be  three  or  four  times  the 
length  of  armature,  and  the  peripheral  speed  is  usually 
between  2,000  and  3,000  feet  per  minute,  as  in  the  smaller 
belt-driven  machines. 


ARMATURE  DISKS. 

3695.  Armature  disks  may  be  either  plain  or  slotted. 
The  disk  is  punched  out  of  the  sheet,  and  a  hole  for  the 
shaft,  or  the  spider,  is  usually  made  by  a  second  operation, 
a  keyway  being  also  cut  out  at  the  same  time.  When  a 
slotted  armature  is  required,  the  disk  is  then  placed  under  a 
punching-press  with  a  revolving  table  for  the  disk,  which  is 
automatically  moved  a  certain  distance  between  each  stroke. 

3696.  Some  forms  of  armature  slots  are  shown  in  Fig. 
13G0.     The  plain  slot  is  at  (a),  and  a  disk  with  round  holes 


(d)  (e) 

Fig.  1366. 

to  contain  the  conductors  is  at  {b).  Form  {c)  is  a  simple 
modification  of  (tf),  and  is  used  for  small  ring-wound  arma- 
tures. Form  {d)  is  a  compromise  between  {a)  and  {b).  The 
conductors  are  held  securely  by  means  of  a  hardwood  strip, 
which  is  driven  in  above  them  and  is  held  by  the  projecting 
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edges  of  the  teeth.  The  cutting  away  of  the  connecting 
bridge  has  the  effect  of  lessening  the  self-induction  of  the 
coil,  which  is  rather  large  when  the  pierced  disk  {b)  is  used. 
The  form  shown  at  {e)  is  that  which  was  mentioned  in  con- 
nection with  the  dynamo  for  which  calculations  were  made. 

369T.  Disks  are  made  of  one  piece  up  to  a  diameter  of 
25  or  30  inches,  or  whatever  width  of  sheet  may  be  obtain- 
able. When  the  diameter  is  so  great,  it  is  of  course  neces- 
sary to  cut  another  circular  piece  from  the  center,  forming 
the  disk  for  another  and  smaller  machine.  The  thickness  of 
the  disk  is  usually  about  .022  inch,  and  the  material  should 
be  the  best  soft  charcoal  iron,  specially  manvifactured  for  the 
purpose.  The  outer  disks  being  usually  unsupported  at  the 
outer  edge,  thicker  sheets  should  be  used,  about  y"^  inch 
thick.  Three  of  these  at  each  end  will  be  enough  to  hold 
up  the  teeth  and  prevent  them  from  spreading. 


ARMATURE    SPIDERS. 

3698.  Fig.  1367  shows  the  method  of  mounting  the 
disks  for  a  ring  armature  of  about  12  inches  diameter.  The 
inside  diameter  of  the  disks  being  perhaps  7  inches,  they 


Fig.  1367. 
are  threaded  over  two  spiders  s,  s'  having  each  four  arms. 
Each  spider  has  a  ring  r  r'  at  the  back,  which  is  faced  up  in 
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the  lathe,  and  the  edges  of  the  arms  are  also  turned  true,  so 
that  the  disks  will  slide  over  them  and  fit  accurately.  A 
small  key  k  runs  the  full  width  of  the  armature,  in  a  key- 
way  cut  in  corresponding  arms  of  both  spiders,  and  a  similar 
keyway  in  the  disks  enables  them  to  be  securely  held  in  the 
proper  position,  so  that  they  will  not  shift  when  the  machine 
is  working.  The  spider  arm  is  only  about  -^-^  inch  wide  at 
the  part  where  this  key  is  fitted,  in  order  to  allow  space  for 
the  winding;  therefore  the  key  is  made  about  \  inch  wide, 
but  the  thickness  is  about  double,  measn.tred  radially.  At 
the  point  where  the  arms  join  the  hub,  they  should  widen, 
in  order  to  give  strength  to  resist  the  twisting  action  com- 
municated through  the  shaft.  It  will  be  noticed  that  the 
arms  are  continued  outwards  in  the  form  of  wings;  these 
are  intended  to  give  strength  to  the  rings  r,  r',  that  they 
may  hold  up  the  disks  tightly  without  bending  at  the  outer 
edge.  The  wings  should  not  project  beyond  the  line  of  the 
winding,  in  a  horizontal  direction.  The  arms  are  shown  in 
the  end  elevation  as  being  spaced  equally,  and  for  conve- 
nience in  making  shop  drawings  they  may  be  so  put  in;  but 
it  is  important  to  remember  that  the  arms  must  be  exactly 
opposite  teeth.  If,  then,  an  armature  has,  for  example,  57 
teeth,  the  pattern  must  be  so  constructed  that  the  arms  are 
opposite  1,  15,  29,  and  43. 

3699.  It  is  always  necessary  to  carefully  check  the 
winding  volume  on  the  inside  of  the  core,  to  see  that  there 
is  room  between  the  arms  of  the  spider  for  the  armature 
wires.  It  should  be  remembered  that  space  is  required  for 
insulation  between  the  winding  and  the  core  and  between 
the  winding  and  the  arms.  A  sixteenth  of  an  inch  of  mica 
and  calico,  or  micanite  and  calico,  will  usually  suffice.  This 
must  be  very  carefully  put  on  and  shellaced.  When  com- 
puting the  number  of  turns  which  will  lie  on  the  inside, 
sufficient  clearance  must  be  allowed  for  winding  and  manipu- 
lation, so  that  the  actual  net  volume  can  not  be  counted  on. 

3700.  In  order  that  the  disks  may  be  readily  slipped 
over  the  spiders,  which  is  done  before  they  are  put  together. 
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each  spider  is  provided  with  two  lengths  of  arm.  Opposite 
arms  are  of  the  same  length,  as  seen  in  full  lines  in  the  cross- 
sectional  view  of  Fig.  13G7;  but  two  are  shorter  than  the 
other  two,  as  is  indicated  by  the  dotted  lines  at  a.  Each 
spider  may  thus  have  a  number  of  disks  laid  over  it,  up  to 
the  full  extent  of  the  longer  arms,  and  the  two  spiders  are 
then  pressed  together  with  clamps.  It  is  better  to  leave  a 
small  clearance  space  between  the  ends  of  opposite  arms, 
and  allow  the  hubs  to  meet  on  the  shaft.  The  small  key  k 
should  be  shorter  than  the  width  occupied  by  the  disks  by  a 
little  less  than  the  thickness  of  one  of  the  end  disks.  After 
the  disks  are  all  in  place,  the  spiders  containing  them  are 
pressed  on  the  shaft,  and  the  nut  ;/  is  screwed  up  to  hold 
them,  instead  of  the  clamps,  these  being  then  removed.  A 
set-screw  /  should  be  used  to  prevent  the  nut  from  loosening. 

3701.  For  the  purpose  of  reducing  magnetic  leakage, 
the  spider  is  nearly  always  made  of  bronze  for  small 
machines.  A  key  k'  is  fitted  in  the  shaft  for  driving;  suit- 
able sizes  for  keys  will  be  given  when  we  take  up  the  design 
of  shafts.  For  large  armatures,  bronze  would  be  too  expen- 
sive, and  cast  iron  may  be  used.  In  such  cases,  however, 
the  arms  should  connect  between  poles  of  the  same  sign,  so 
that  lines  of  force  will  not  leak  across,  as  would  occur  if  the 
arms  were  opposite  N  and  i)"  poles  at  one  time. 

STOS.  It  is  only  in  small  machines  that  it  is  advisable* 
to  use  a  nut  on  the  shaft  for  holding  the  spiders  in  place  and 
clamping  the  disks.  When  the  diameter  of  the  armature  is 
large,  this  method  of  construction  should  give  place  to  a 
more  secure  means  of  fastening.  In  Fig.  13G8  is  shown  a 
design  in  which  bolts  are  used  to  draw  up  the  disks  to  a 
solid  body.  In  other  respects  the  manner  of  assembling  is 
the  same  as  in  Fig.  13G7.  The  spiders  are  cast  with  thick- 
ened arms  at  the  part  a  where  the  bolts  are  intended  to  pass, 
and  holes  are  drilled  through,  into  which  the  bolts  are  fitted. 
It  is  cheaper  to  use  through  bolts,  as  shown  in  the  figure, 
than  to  put  in  cap-screws,  which  would  require  that  one  of 
the  holes  be  drilled  smaller  and  tapped.      The  arms   should 
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be  faced  at  those  parts  where  the  head  of  the  bolt  and  the 
nut  are  to  bear.  The  washer  under  the  nut  is  a  lock 
washer,  split  and  bent  in  such  a  way  as  to  prevent  the  nut 
from  loosening  after  it  is  once  tightened  up.  The  bolt 
itself  must  then  also  be   held  from  turning,  which  may  be 


Fig.  1368. 

accomplished  by  using  a  square-headed  bolt  and  so  shaping 
the  spider  arm  at  b  as  to  almost  touch  the  flat  side  of  the 
bolt-head. 

3703.  In  order  to  prevent,  as  far  as  possible,  the  gen- 
eration of  eddy  currents  in  the  spider  rings,  these  may  be 
cut  away  on  the  inner  side,  as  at  f,  without  thereby  sacrifi- 
cing any  necessary  strength.  A  central  rib  d  may  be  left,  if 
the  ring  is  so  large  as  to  be  likely  to  bend  between  the 
supporting  arms. 

37()4.  A  method  of  strengthening  the  spider  rings 
when  used  in  connection  with  drum  winding  is  shown  in 
Fig.  13G1>,  which  represents  a  complete  armature  for  a  direct- 
connected  machine.  This  consists  in  the  addition  of  a  flange 
^,  following  the  curve  of  the  spider  arm  r,  and  continued 
around  the  full  circle.  On  the  other  side  is  a  separate  ring 
f ,  held  in  place  by  tap-bolts  d  at  each  arm.  The  armature 
winding  //  is  drawn  in,  to  show  the  space  occupied  by  it,  and 
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not  the  exact  shape  of  one  coil,  for  the  coils  are  bent  around 
through  an  angle  of  60°  to  enter  the  fields  of  two  pole-pieces 
simultaneously.  Two  iron  flanges  /",  f  are  used  to  press  in 
the  inner  portions  of  the  coils  and  hold  them  in  position.  At 
the  end  of  one  of  the  arms  «,  a  groove  is  milled,  into  which 
fits  a  corresponding  tongue  on  each  disk,  thereby  dispensing 
with  the  use  of  a  key.  The  resulting  notch  in  the  central 
stamping  cut  from  this  disk  is  cut  out  again  when  the  slots 
are  punched  for  a  smaller  armature,  so  that  the  disk  is  not 
spoiled. 

ARMATURE   COXOUCTORS. 

3705.  When  armatures  are  of  such  a  diameter  that  the 
disks  can  not  be  made  in  one  piece,  some  method  of  building 
up  the  core  must  be  devised.  The  iron  sheets  may  form 
segments  of  a  ring,  with  holes  very  close  to  the  inside  edge, 
as  shown  in  Fig.  1370,  through  which   insulated  steel  pins 


Fig.  1370. 

are  passed.  Each  sheet  has  two  such  holes,  a^  b.  Fig.  lol", 
so  spaced  that  adjoinint;-  layers  of  disks  may  overlap  at  the 
joints.  Another  plan  is  to  make  dovetailed  notches  in  the 
lower  edges  and  to  use  steel  keys  of  the  same  shai)e,  which 
fit  into  these  notches  and  are  held  at  the  outer  ends  in  the 
spider  rings. 

3706.  The  insulation  of  the  armature  conductors  must 
be  very  thoroughly  carried  out.  The  slots  should  have  a 
lining  of  mica  and  calico,  with  an  au;.;- rebate  thickness  of 
about  .035  inch  each  side.  Micanilc  may  be  substituted, 
this  material  being  usually  reliable. 
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For  bar  windings,  the  conductors  should  be  of  such  a  size 
as  to  fit  closely  in  the  slot,  after  the  insulation  is  laid  in. 
Fig.  1371  shows  a  slot  having  two  conductors. 
This  is  a  section  of  a  two-layer  Avinding;  there- 
fore, as  explained  in  Art.  3154,  the  two  con- 
ductors have  between  them  the  full  difference 
of  potential  of  the  dynamo  and  must  be  well 
insulated  from  each  other.  In  the  sectional 
view  shown,  the  conductors  are  separated  by  a 
Fig.  1371.  Strip  of  -J-inch  vulcanized  fiber  f.  The  hard- 
•vood  strip  w  secures  the  conductors  in  place;  usually  this  is 
in  two  pieces,  each  of  one-half  the  length  of  the  armature,  and 
they  are  pressed  in  from  each   end,  meeting  in  the  middle. 

3707.  The  use  of  end  connectors  has  already  been  ex- 
plained in  Art.  3152.  The  end  connectors  need  not  have 
the  same  sectional  area  as  the  conductors,  as  they  are  ex- 
posed to  the  air.  We  may  allow  600  or  700  circular  mils 
per  ampere,  which  would  give  us  for  the  conductor  shown 
in  Fig.  1371  a  width  of  f  inch  and  a  thickness  of,  say,  -^^ 
inch.  With  an  armature  of  19  or  20  inches  diameter,  these 
dimensions  would  be  about  correct,  allowing  for  a  four-pole 
magnet  frame.  As  already  stated,  the  end  connectors 
should  be  laid  out  on  the  drawing-board,  and  the  inost  suit- 
able curve  found  for  the  spiral.  This  must  be  such  that  the 
space  between  succeeding  spirals  is  as  regular  as  possible; 
but  it  should  not  be  necessary  to  construct  the  spiral  of 
more  than  three  or  four  curves.  The  copper  strip,  about 
1^^  inches  wide,  has  a  y\-inch  cut  carried  down  from  one  end 
to  within,  say,  f  inch  of  the  other  end,  and  the  two  ribbons  so 
formed  are  bent  on  a  form  to  such  curves  that,  on  springing 
loose,  they  will  have  the  shape  intended  and  laid  out  on  the 
drawing. 

3708.  There  is  a  choice  of  two  methods  of  securing  the 
end  connector  to  the  bar.  One  side  of  the  bar  may  be 
milled  off,  as  at  [a).  Fig.  1372,  or  the  bar  may  be  cut 
through,  as  at  (/?),  and  the  connector  inserted.  The  con- 
nectors are  held  by  rivets,  and  the  joint  should  also  be  care- 
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fully  soldered,  in  order  to  reduce  the  armature  resistance  as 
much  as  possible.     Of  the  two  methods,  the  first  is  easier  to 


© 


o 


(a)  (b) 

Fig.  1372. 

manipulate,   but   the  second   may  form  a  more  rigid  con- 
nection. 

Fig.  1373  shows  how  the  connections  are  drawn  in  for  a 
bar-wound  armature.     The  conductor  bars  are /^,  b,  the  end 

^        ' :6  _  IV6 


....QJ 


Fig.  1373. 

connector  is  r,  and  the  commutator  connection  is  /;  a  com- 
mutator segment  is  shown  at  s.  The  connector  is  not  ac- 
tually put  in  as  drawn,  but  one  end,  in  the  case  of  a  four- 
pole  machine,  is  carried  around  to  a  conductor  situated 
90  degrees  beyond.  The  shape  of  this  connector  is  a  double 
spiral,  as  has  already  been  pointed  out. 

3709.  Since  the  commutator  is  a  rigid  body,  and  the 
bars  b  are  also  firmly  held,  it  is  not  an  easy  matter  to  make 
the  connections  with  the  strips  /  if  they  also  are  rigid.  It 
is  therefore  better  to  make  these  pieces  of  a  number  of  thin 
strips  of  copper  and  to  corrugate  them  slightly,  in  order  that 
they  may  make  a  flexible  connection.  They  are  soldered 
and  riveted  on  the  commutator  segments  before  assembling 


2480  DYNAMO-ELECTRIC  MACHINE  DESIGN. 

the  commutator,  and  are  made  fast  to  the  projecting  arma- 
ture conductors  after  the  commutator  is  placed  in  position 
on  the  shaft. 

37  lO.  An  armature  designed  for  a  high  E.  M,  F.  has 
generally  several  turns  per  coil.  It  has  been  shown  that 
these  coils,  as  far  as  the  inactive  portion  is  concerned,  are 
bent  round  in  the  same  way  as  the  end  connectors  just  men- 
tioned. The  ends  of  the  wire  are  then  secured  to  the  ccm- 
mutator  segments  by  means  of  screws,  or  are  soldered,  as 
will  be  explained  later. 

371 1.  A  peculiar  form  of  winding  has  been  introduced, 
in  which  the  end  connectors  are  carried  out  in  line  with  the 
winding  surface  of  the  armature,  thereby  giving  the  arma- 
ture a  much  greater  length.  Its  peculiar  shape  has  suggested 
the  name  of  barrel  winding.  A  strong  claim  made  for 
this  winding  is  that  its  connectors  are  more  thoroughly 
exposed  to  the  cooling  action  of  the  air,  so  that  the  arma- 
ture will  stand  a  greater  load  per  pound  of  weight  than  can 
otherwise  be  secured. 


Tirnrmmr:::! 


ARMATURE  VENTILATION. 
3712.     Ventilation  of  the  armature  should  be  promoted 
as  far  as  possible.     On  this  account  it  is  inadvisable  to  cover 

~  up  an  armature  with  a  canvas 
heading,  except  when  the  ma- 
chine is  likely  to  give  trouble 
from  sparking  before  it  will  heat 
excessively.  The  utility  of  the 
canvas  covering  is  that  it  pre- 
vents the  entrance  of  copper  dust 
from  the  commutator,  or  carbon 
dust  from  the  brushes,  and  on 
this  account  it  is  to  be  rec- 
ommended. This  covering  is 
stretched  tightly  across  from  the 
edge  of  the  armature  core  to  the 
commutator  ears,   and  is  bound 


W 


II 


Fig.  1374. 
down  closely  at  each  of  these  places 
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Some  method  of  internal  ventilation  is  necessary  for  slot- 
ted armatures  that  have  a  very  high  carrying  capacity.  One 
means  of  accomplishing  this  is  to  put  in  one  or  more  brass 
castings  of  disk  form  at  a  little  distance  apart  along  the 
armature  core.  These  disks  may  have  radial  ribs  which 
allow  of  a  clear  space  through  the  core,  through  which  air 
is  forced  by  centrifugal  action  when  the  armature  is  turning. 
The  space  occupied  by  these  ventilators  is  as  little  as  possi- 
ble, consistent  with  the  accomplishment  of  their  purpose, 
and  they  are  about  ^  inch  wide.  Fig.  1374  shows  the  general 
appearance  of  an  armature  ventilator,  but  there  are  many 
different  forms. 

BINDING    \VIRES. 

3713.  After  the  winding  is  in  place,  it  must  be  secured 
with  bands  of  wire.  The  material  used  is  steel,  hard  brass, 
or  phosphor-bronze,  varying  in  thickness  from  No.  18  to  21  or 
22.  This  is  wound  on  at  intervals  of  four  or  five  inches  along 
the  armature,  each  winding  being  about  half  an  inch  wide. 
The  turns  are  secured  against  working  loose  by  soldering 
together,  and  small  strips  of  tinned  brass  are  sometimes 
introduced  beneath  the  turns  and  their  ends  bent  over  and 
soldered  to  prevent  the  wires  from  spreading. 


THE  COMMUTATOR. 
3714.  The  commutator  is  a  most  delicate  part  of  a 
dynamo,  requiring,  as  it  does,  to  be  built  up  in  a  solid  man- 
ner when  part  of  the  material  used  is  ill  fitted  for  the  pur- 
pose. A  commutator  for  a  small  dynamo  is  shown  in  cross- 
section  in  Fig.  1375,  an  end  view  also  being  given.  The 
main  casting  is  the  shell  a,  which  at  one  end  supports  the 
segments  s  ;  at  the  other  end  a  thread  is  cut,  upon  which 
the  nut  u  screws.  A  wedge-shaped  piece  d  is  the  ring, 
which  fits  into  the  segments  in  the  same  manner  as  the  shelj 
at  the  other  end.  The  prolongation  of  the  segment  at  the 
back  end  is  called  the  ear  or  the  lug.  Its  purpose  is  to 
afford  a  means  of  securing  the  leads  from  the  armature 
J/.  E.    IV.— S5 
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The  segment  at  the  level  of  the  brush  surface  is  not,  as  a 
rule,  sufficiently  wide  to  accommodate  the  screws  which  are 
used  to  tighten  the  leads,  and  the  diameter  must  therefore 
be  increased  by  means  of  the  lugs.  The  lug  at  the  point  e 
is  only  of  sufficient  width  to  give  the  necessary  rigidity  to 


Fig.  1375. 

this  part,  but  at  the  upper  end  it  must  be  expanded  in  the 
direction  of  the  shaft,  in  order  to  allow  room  for  the  two 
headless  screws  and  for  the  recess  r.  This  is  used  for  bind- 
ing on  the  calico  which  is  used  to  protect  the  winding,  as 
previously  described. 


COMMUTATOR    SEGMENTS. 

3715.  The  segment  is  of  hard  copper.  Plenty  of 
metal  should  be  allowed  for  turning  down  the  commutator 
on  the  surface  covered  by  the  brushes.  The  bars  are  made 
to  order,  generally,  but  some  standard  sizes  are  carried  in 
stock  by  large  dealers.  If  bars  are  required  for  a  commutator 
which  is  to  be  0  inches  in  diameter  at  the  brush  surface,  and 
the  insulation  between  bars  is  .035  inch,  then  it  is  best  to 
allow  in  the  estimate  of  size  for  a  diameter  of  about  6^ 
inches.  Suppose  there  are  to  be  GO  segments.  The  cir- 
cumference of  a  circle  G^  inches  in  diameter  is  19.242  inches. 


This   allows    for    each    segment    — '-— .035 


.286    inch 
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of  width.  If  we  allow  for  a  depth  of  1:^  inches  below  the 
finished  surface,  the  thickness  of  the  segment  at  its  lower 
3.5  X  3.14 


edge  will  be 


60 


.035  =  .148  inch.     If  the  required 


width  of  the  lug  for  the   armature  leads  is  .35  inch,  the 

,...,,,      (.35 +  .035)  X  60      „,   .     , 
diameter  at  this  point  will  be  -^^ =  7f  inches. 

The  segments  are  finished  so  carefully  by  a  reliable  man- 
ufacturer that  they  need  no  machining,  except  after  they 
are  set  up  with  the  insulation  between,  when  the  exposed 
portion  is  turned  all  over. 

3716.  The  slots  in  the  lugs  for  the  armature  leads 
should  be  made  just  wide  enough  and  deep  enough  to 
accommodate  the  wires;  but  there  must  be  enough  material 
left  for  the  screws  to  be  securely  held,  and  they  must  not 
penetrate  the  side  of  the  lug  so  as  to  reach  the  insulation. 
The  shell,  ring,  and  nut  are  made  of  bronze. 

3717.  In  the  design  shown  in  Fig.  1375,  the  angle  of 
the  head  and  ring  where  they  close  in  upon  the  segments  is 


Fig.  1376. 

ji  .  This  angle  has  been  found  in  practice  to  give  good 
results;  but  there  are  many  other  designs  of  commutator  in 
which  some  different  angle  is  used,  as,  for  example,  that 
shown  in  Fig.  1376.  Here,  only  a  single  bevel  is  employed, 
which  construction  effects  a  possible  saving  in  the  machine- 
shop,  although  it  is  more  or  less  a  question  of  personal  fancy 
whether  the  single  or  the  double  bevel  is  used. 
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COMMUTATOR  SHELL. 

3718.  To  return  to  Fig.  1375:  The  segments  may  be 
cut  out  at  the  corners  at  c,  d,  to  prevent  the  head  of  the 
shell  or  the  ring  from  coming  in  contact  with  the  segments 
by  reason  of  the  insulation  being  pressed  aside.  On  this 
account,  also,  it  is  well  to  allow  the  insulation  to  project 
into  this  corner,  as  drawn.  It  will  be  noticed  that  the  insu- 
lation is  made  to  extend  beyond  the  segments  at/",  f,  also 
at  g,  beyond  where  the  head  of  the  shell  touches  it.  The 
reason  is  that  this  method  of  construction  allows  of  higher 
insulation  resistance  being  obtained,  by  providing  a  larger 
surface  of  insulating  material  between  the  segments  and  the 
body  of  the  commutator.  It  will  be  seen  that  considerable 
clearance  is  allowed  between  the  shell  at  a  and  the  seg- 
ments; this  space  should  not  be  less  than  ^  inch,  and  may 
be  \  inch,  or  more.  Any  unevenness  in  the  setting  of  the 
segments  will,  then,  not  cause  them  to  approach  too  nearly 
to  the  shell. 

3719.  It  is  most  important  that  the  shell  at  h  be  strong 
enough  to  withstand  firmly  the  severe  pressure  which  is 
brought  to  bear  on  it  when  the  commutator  is  tightened  up; 
for  if  the  head  should  spring  back,  the  segments  are  no 
longer  held  along  the  whole  width  of  the  bevel,  and  the  in- 
sulation is  liable  to  be  crushed  at  those  points  where  the 
pressure  becomes  concentrated.  It  is  unnecessary  that 
the  shell  should  bear  on  the  shaft  throughout  its  whole 
length,  and  to  save  boring  it  should  be  cored  out  as  shown, 
leaving  about  an  inch  at  each  end  for  support.  It  is  not 
well  to  trust  to  the  commutator  holding  in  place  on  the 
shaft  by  making  a  close  fit,  for  it  is  quite  likely  to  work 
loose,  and  would  drag  at  the  armature  connections.  A 
small  key  k  should  therefore  be  set  into  the  shaft,  and  may 
be  held  in  place  by  means  of  a  flat-headed  machine-screw. 

3720.  The  nut  ti  may  be  hexagonal  or  may  be  round 
and  provided  with  holes  for  a  spanner.  It  may  be  advisable 
in  some  cases  to  add  a  second  nut.     The  set-screw  should 
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not  press  directly  on  the  thread,  as  this  will  injure  it,  but  a 
brass  plug  should  be  interposed  between  them. 

3721.  The  insulation  maybe  mica  or  micanite.  The 
latter  is  very  useful  and  well  adapted  for  commutators. 
For  use  in  the  bevels,  the  thickness  should  be  about  jV  inch, 
and  the  shape  of  each  ring,  at  top  and  bottom,  should  be 
carefully  ascertained  by  laying  out  on  the  drawing-board. 
The  insulation  between  the  bars  should  be  about  .035  inch 
to  .04  inch  and  should  completely  fill  the  space  between 
segments. 

LARGB  COMMUTATORS. 

3722.  Commutators  for  large  machines,  especially  of 
the  direct-connected  type,  require  to  be  mounted  on  a 
spider,  somewhat  after  the  manner  of  an  armature.  A  com- 
mutator of  this  type  is  drawn  in  Fig.  1377.  A  cast-iron 
spider  a  also  forms  the  shell  and  extends  round  to  one  side 
of  the  segments.  The  ring  b  is  turned  to  fit  over  the  shell, 
and  is  drawn  up  into  place  by  means  of  the  tap-bolts  shown. 
Lock  washers  are  used,  as  previously  described,  in  order  to 
prevent  the  bolts  from  working  loose.  The  bolts  may  be 
placed  on  the  outside  of  the  commutator  or  on  the  inside. 
The  advantage  of  having  them  outside  is  that  they  are 
more  accessible;  but  when  they  are  placed  on  the  inside 
they  effect  a  saving  of  space,  as  will  be  seen  by  the  figure, 
and  this  is  a  very  desirable  object  in  direct-connected 
machinery.  The  spider  is  intended  to  be  fitted  to  the  hub 
of  the  armature  spider,  which  enters  at  r,  and  they  are 
locked  together  by  a  suitable  key.  Other  details  on  the 
drawing  will  be  readily  understood  by  reference  to  the  pre- 
ceding articles  explaining  the  smaller  commutator. 

3723.  Commutators  for  constant-potential  dynamos 
should  not  have  more  than  15  or  10  volts  difference  of 
potential  between  bars,  and  it  is  better  to  make  it  less.  If 
we  provide  7  or  8  bars  for  each  100  volts  that  the  machine 
gives,  multiplied  by  the  number  of  pole-pieces,  this  will  give 
a  safe  working  rule.     Thus,  a  500-volt  four-pole  dynamo  will 
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have  7  X  yIto  X  4  =  140  bars,  and,  the  maximum  difference 
of  potential  being  between  adjacent  poles,  the  number  of 
bars  spanning  500  volts  is  i|^^  =  35,  giving  a  difference  of 


potential  between  each  of  14.28  volts.  For  a  ring- wound 
arc-light  dynamo,  the  number  of  bars  should  be  four  or  five 
for  each  lamp. 
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3724.  In  deciding  upon  the  clearance  between  arma- 
ture and  commutator,  enough  space  must  be  left  for  fasten- 
ing the  armature  leads,  so  that  repairs  may  be  easily 
accomplished  and  the  wires  be  not  too  much  crowded  to- 
gether. 

3725.  The  question  of  the  required  surface  of  com- 
mutator may  be  considered  under  the  head  of  brushes.  A 
certain  clearance  beyond  the  edge  of  the  brush  is  necessary, 
to  allow  for  longitudinal  motion  of  the  armature;  about 
one-quarter  of  an  inch  is  usually  sufficient.  For  direct-con- 
nected machines  the  brushes  may  run  within  an  eighth  of 
an  inch  of  the  edge,  as  there  is  no  relative  motion  in  the 
direction  of  the  shaft. 

3726.  The  ratio  of  diameter  to  length  of  commutators 
for  belted  machines  may  be  taken  as  about  1.2  to  1;  that  is, 
the  diameter  is  1.2  times  the  length.     For  a  diameter,  then, 

of  G  inches  the  length  would  be  z—i  =  5  inches.     This  rule 

1.  Z 

may  be  observed  for  machines  up  to  about  75  horsepower; 

but  beyond  this  it  may  be  advisable  to  increase  the  ratio,  in 

order  to  save  in  total  length  of  machine. 


BRUSHES. 

3727.  Commutator  brushes  may  be  made  of  brass, 
copper,  or  carbon.  The  brass  and  copper  may  be  in  the 
form  of  leaf  metal  or  gauze.  Copper-gauze  brushes  are 
useful  in  the  case  of  constant-potential  dynamos  for  light- 
ing, when  the  E.  M.  F.  is  low.  These  machines  require  con- 
stant attention,  so  that  no  advantage  is  secured  by  the  use  of 
carbon  brushes,  which  add  resistance  to  the  circuit  without 
it  being  possible  to  fully  profit  by  the  lesser  sparking  at 
commutation.  The  current  density  at  the  contact  area 
should  ordinarily  not  exceed  150  amperes  per  square  inch 
for  copper  brushes,  100  amperes  for  brass  brushes,  and  30 
amperes  for  carbon  brushes. 

Single  brushes  should  never  be  used  to  collect  the  current, 
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as  it  should  be  possible  to  take  out  a  brush  while  the  ma- 
chine is  running,  in  order  to  trim  or  replace  it. 

3728.  Since  carbon  brushes  may  be  relied  upon  to 
commutate  a  large  part  of  the  current,  they  are  more  used 
than  copper  brushes,  being  smoother  in  their  action  and  less 
wearing  to  the  commutator.  Gauze  brushes  are  made  from 
sheet  gauze  folded  on  itself  a  number  of  times  until  the 
required  thickness — about  j\  inch — is  obtained.  The  fold- 
ing is  diagonal,  so  that  there  is  no  trouble  from  wire  threads 
slipping  oflE  at  the  ends.  After  being  compressed  and  ham- 
mered into  rectangular  shape,  four  or  five  inches  long  and 
perhaps  one  and  one-half  inches  wide,  the  end  which  enters 
the  brush  holder  is  dipped  into  solder  to  cause  it  to  hold  its 
shape.  The  commutator  end  is  then  filed  to  a  bevel,  and 
the  brush  is  ready  for  use. 

3729.  Carbon  brushes  are  simply  blocks,  copper  plated 
or  plain,  which  are  fitted  into  a  clamp  and  press  directly 
down  on  the  commutator.  It  is  the  general  practice  to 
make  the  brushes  radial;  but  some  manufacturers  adopt  an 
inclined  position,  somewhat  between  that  of  the  tangential 
copper  brush  and  the  radial  brush. 


SIZB  OF  BRUSHES. 

3730.  The  thickness  of  carbon  brushes  varies  with  the 
size  of  machine.  On  small  dynamos  the  brushes  are  gener- 
ally larger  in  proportion  than  on  large  dynamos,  as  it  is  not 
necessary  to  economize  space  to  the  same  extent.  The 
thickness  might  be  about  y^^  inch  or  f  inch  on  the  smallest 
sizes,  with  a  width  of  about  1  inch  and  a  length  of  2  inches. 
On  larger  dynamos,  10  horsepower  and  upwards,  the  thick- 
ness should  increase  to  one-half  or  three-quarters  of  an 
inch.  The  rule  already  given,  that  the  density  per  square 
inch  should  not  exceed  30  amperes,  will  be  a  guide  to  the 
thickness  required. 

The  thickness  of  a  copper-leaf  brush  is  generally  from  ^ 
inch  to  ^  inch. 


DYNAMO-ELECTRIC  MACHINE  DESIGN.  2489 


BRUSH   HOLDERS. 

3731.  The  brush  holder  should  be  designed  with  the 
following  points  in  view: 

1.  The  carbons  must  be  held  firmly,  so  that  they  will  not 
rattle  or  afford  poor  contact  with  the  metallic  frame. 

2.  An  adjustable  spring  pressure  must  be  provided,  in 
order  to  keep  the  carbons  down  to  the  commutator  with  just 
enough  pressure  to  prevent  cutting  of  the  surface  while 
maintaining  good  contact. 

3.  The  brushes  must  be  capable  of  being  raised  and  held 
clear  of  the  commutator. 

4.  Working  joints  must  not  be  relied  upon  to  carry  the 
full  current  from  the  brush. 

3732.  The  really  perfect  brush  holder  has  doubtless 
yet  to  be  designed,  for  there  are  some  faults  to  be  found 


Fig.  1378, 


with  nearly  all  forms.  The  brush  holder  shown  in  Fig. 
1378  is  a  fair  specimen,  but  we  will  suggest,  as  useful  exer- 
cise for  the  student,  that  he  design  one  himself,  and  try  to 
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embody  in  it   all  the  points  mentioned  above,  and,  in  addi- 
tion,  perhaps  a  parallel  motion  for  the  brush. 

3733.  With  regard  to  the  first  condition,  as  exemplified 
in  Fig.  1378,  the  carbon  c  is  held  firmly  in  a  clamp  in  which 
it  is  an  easy  fit  when  the  screw  s  is  loose.  On  tightening 
the  screw,  the  carbon  is  pressed  in  at  the  two  ends  and 
also,  by  reaction,  at  the  sides.  The  brass  casting  «,  of 
which  this  is  part,  extends  back  to  a  stud  which  supports  it, 
passing  through  the  hole  ^,  upon  which  stud  it  is  free  to  move. 
The  frame  a  is  cut  away  in  the  middle  sufficiently  to  allow 
a  central  casting  d  to  enter,  which  may  be  clamped  to  the 
stud  by  means  of  the  screw  attached  to  the  handle  ]i.  A  pin 
e  is  passed  through  the  screw  and  handle  to  prevent  the 
screw  from  turning  in  the  handle.  The  ends  of  the  pin 
should  be  below  the  surface,  in  order  to  avoid  giving  a  shock 
to  the  person  adjusting  the  brushes.  The  clamp  d  is  pro- 
vided with  an  arm  at  its  lower  side,  and  a  tension-spring  / 
connects  it  to  the  frame  a^  thereby  covering  the  second 
condition  mentioned  above,  regarding  adjustment.  By 
loosening  the  handle  and  pressing  it  downwards,  the  spring 
is  compressed  and  the  brush  may  be  raised  from  the  com- 
mutator, as  required  by  the  third  condition.  Then,  in  order 
to  provide  adequate  carrying  capacity  without  having  re- 
course to  movable  joints,  a  strip  of  copper  braid  g  is  screwed 
to  the  casting  a  at  one  end  and  to  the  central  clamp  d  at  the 
other  end. 

3734.  A  brush  holder  which  has  been  put  to  consider- 
able use  is  one  in  which  a  simple  frame  like  that  of  Fig. 
1378  is  used  for  the  carbon,  but  without  any  such  clamping 
device.  The  frame  is  stationary,  and  the  carbon  is  pressed 
downwards  through  it  to  the  commutator  by  means  of  a 
spring  above,  operating  a  lever  arm.  This  type  of  brush 
holder  is  liable  to  rattle,  as  the  carbon  is  not  properly  held, 
and,  furthermore,  the  contact  between  the  brush  holder  and 
the  carbon  is  not  good,  so  that  additional  resistance  is 
introduced  into  the  circuit  at  this  point. 
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3735.  A  form  of  brush  holder  coming  into  very  wide 
use  is  what  is  called  the  reaction  brush  holder,  illus- 
trated in  Fig.  1379.  The  prin- 
cipal feature  of  this  holder  is 
that  the  brush  b  is  wedged  in  be- 
tween it  and  the  commutator, 
without  any  support  on  the 
outer  side,  as  in  the  more  general 
forms  of  holders.  The  brush  is 
beveled  on  the  top,  and  a  curved 
lever/,  pressingdown  wards,  forces 
the  brush  against  the  flat  surface 
at  the  end  of  the  holder.  The 
lever  is  actuated  by  a  spring  s, 
which  may  be  set  into  any  one 
of  the  notches  ii  on  the  lever, 
thus  providing  for  different  de-  pic.  i3T9. 

grees  of  tension.  The  frame/" is  cast  in  one  piece  and  car- 
ries as  many  levers  and  springs  as  may  be  needed — one  for 
2ach  brush.  It  is  essential  that  the  brushes  be  quite  flat  on 
the  side  which  is  pressed  against  the  holder,  and  on  this  ac- 
count it  is  best  to  use  carbons  which  are  ground  or  sawn 
true  and  well  plated.  The  angle  a  between  the  bevel  of  the 
brush  and  the  surface  of  the  holder  should  be  about  45°,  and 
the  angle  r  between  the  surface  of  the  holder  and  the  tangent 
to  the  commutator  at  that  point  should  be  about  00°.  These 
angles  may  be  varied,  as  is  done,  for  instance,  by  the 
C.  &  C.  Co.,  who  use  a  nuuh  larger  angle  between  the  com- 
mutator and  the  holder,  and  put  straps  around  the  brushes. 

The  direction  of  rotation  is  intended  to  be  right-handed 
when  put  on  as  shown  in  Fig.  i;;,';  that  is,  from  the  holder 
towards  the  brush.  Some  builders  run  the  armature  in  the 
reverse  direction,  but  the  brush  works  well  either  way. 
When  the  brush  is  worn  down,  the  Xvwx  is  held  by  a  pi  in- 
jecting tooth  which  rests  upon  the  edge  of  the  frame  and  is 
prevented  from  touching  the  commutator.  A  very  light 
pressure  may  be  used  with  this  type  of  brush  holder,  and 
carbons  last  a  long  time. 
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Some  of  the  advantages  of  the  reaction  brush  holder  are  : 
it  may  be  set  very  close  to  the  commutator,  thereby  intro- 
ducing a  minimum  of  resistance  into  the  circuit ;  the  move- 
ment of  the  brush  is  in  a  straight  line,  so  that  there  is  always 
a  bearing  over  the  whole  of  the  end  surface ;  the  brushes  may 
be  placed  alongside  and  touching  each  other,  thus  utilizing 
the  whole  width  of  the  commutator;  and  they  may  be  very 
easily  and  quickly  removed,  for  when  the  lever  is  raised  the 
brush  may  be  slipped  out,  even  while  the  machine  is  running. 


BRUSH-HOLDER   STUD. 

3736.  The  stud  for  the  brush  holders  described  in  Art. 
3732  is  shown  in  Fig.  1380.  This  is  a  brass  casting,  and 
should  be  large  enough  to  give  rigidity  to  the  brush  holders 


Fig.  1380. 

and  prevent  undue  vibration.  The  stud  a  is  circular  in  cross- 
section,  two  brush  holders  being  shown  in  dotted  lines  in 
position.  It  may  here  be  remarked  that  the  width  of  the 
holder  at  the  part  where  the  stud  passes  through  should  be 
about  -jY  inch  greater  than  the  width  of  the  carbon  holder  at 
the  other  end,  and  in  drawing  the  brush  holder,  additional 
allowance  must  be  made  for  machine  finish  at  the  stud  end, 

3737.  The  stud  has  a  square  collar  at  ^,  as  seen  in  the 
end  view,  and  the  part  beyond  is  square  as  far  as  the  two 
lines  which  indicate  a  return  to  the  circular  cross-section. 
The  insulating  washers  c^  c  are  also  square,  with  rounded 
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corners,  and  the  bushing  d  is  square.  The  washers  and 
bushing  are  of  hard  rubber,  the  former  about  -^  or  :|-  inch 
thick,  and  the  latter  \  or  -^-^  inch,  except  in  very  large  ma- 
chines, where  these  dimensions  may  be  suitably  increased. 
At  ^  is  a  circular  washer  of  brass,  and /"is  a  cable  tip,  which 
is  used  to  make  connection  with  the  main  leads  which  carry 
the  current  to  the  point  of  distribution.  A  nut  g  is  put  on 
last  to  hold  the  stud  firmly  in  place.  It  may  be  necessary 
to  put  an  additional  nut  on,  for  the  sake  of  greater  security. 


ROCKER-ARM. 
3738.  The  brush-holder  studs  are  held  in  position  by 
means  of  a  rocker-arm  //,  which  is  shown  again  in  Fig. 
1381.  This  represents  a  rocker-arm  for  a  bipolar  dynamo. 
It  is  to  be  fitted  over  the  end  of  the  bearing  next  to  the  com- 
mutator, and  is   provided   with  a  wing  nut  w,  by  means  of 
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which  it  may  be  clamped  in  any  desired  position.  The  square 
recesses  r,  r  are  seen,  into  which  the  studs  are  fitted.  The 
reason  for  this  shape  is  that  the  studs  must  be  prevented 
frorn  turning,  as  they  would  if  simply  clamped  in  a  circular 
hole,  owing  to  the  reaction  of  the  brushes  when  pressed 
against  the  commutator. 

3739.     At  one  end  is  a  projecting  boss  <?,  tapped  for  a 
screw  which  holds  the  handle  in   place,  by  tn'MTTi  of  which 
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the  rocker-arm  is  moved  when  it  is  necessary  to  change  the 
position  of  the  brushes.  In  Fig.  1382  is  given  a  view  of  the 
handle  alone.     It  is  made  of  maple  or  some  such  wood,  and 
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has  a  bolt  ^  through  the  center,  which  screws  into  the  rocker- 
arm,  the  lower  part  of  the  handle  itself  entering  also  a  little 
distance. 


3740. 

brieflv  mentioned 


^  CABLE   TIPS. 

In  the  description  of  Fig.  1380  the  cable  tip  was 
Fig  1383  shows  one  of  these  more  fully. 
It  will  be  seen  that  there 
are  two  sizes  of  recesses; 
the  smaller  recess  a  is  in- 
tended to  receive  the  bare 
wire  of  the  cable,  which  is 
soldered  into  place,  and 
the  recess  b  is  made  larger 
in  order  to  accommodate 
the  insulation.  By  this 
means  a  neat  and  strong 
connection  may  be  made 
to  the  main  leads,  and  if 
Fig.  1383.  for  any  purpose  it  may  be 

necessary  to  remove  the  cables,  the  tips  are  easily  discon- 
nected from  the  studs.  The  cable  tips  are  of  cast  brass; 
they  should  be  made  light,  so  that  they  do  not  require  ex- 
treme or  long-applied  heat  to  solder  in  the  wires.  The  usual 
diameters  for  the  stranded  cable,  bare,  are  from  -5%  inch  for, 
say,  8  or  10  amperes  to  |  inch  for  about  300  amperes,  and 
the  thickness  of  insulation  at  one  side  will  be  from  -^-^  for  the 
smaller  sizes  to  ^  of  an  inch  for  the  larger  sizes. 
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SHAFT. 

3741.  The  design  of  the  armature  shaft  should  be 
undertaken  with  a  full  recollection  of  the  principles 
explained  in  the  section  on  Mechanics.  Beyond  this,  it  is 
only  necessary  to  point  out  some  of  the  details  of  con- 
struction. To  begin  with,  then,  the  diameter  and  length  of 
the  bearings  should  first  be  decided  upon ;  for  if  we  were 
to  determine  the  diameter  at  the  armature  first,  we  might 
find  that  the  bearings  came  out  much  too  small.  We  must 
throughout  have  good  proportions  to  give  the  prime 
requisite,  stiffness;  the  shoulders  at  the  bearings  must  be 
large  enough  to  prevent  any  possibility  of  the  shaft  being 
driven  in  if  the  bolts  of  the  bearings  are  slackened;  there 
must  be  sufficient  end  play  between  bearings  to  avoid  any 
liability  of  the  shaft  expanding  sufficiently  to  hold  fast  and 
in  order  to  produce  a  smooth  wearing  of  the  commutator, 
which  is  promoted  by  a  slight  oscillation  of  the  armature 
while  running. 


3742.  The  journals  of  the  shaft  should  be  as  small  as 
possible,  consistent  with  proper  strength,  as  the  friction  is 
proportional  to  the  diameter  of  shaft,  other  things  being 
equal.  In  Fig.  1384  we  have  given  the  dimension  of  a  shaft 
such  as  would  be  suitable  for  a  lO-horsepower  dynamo.    We 


FIG.  1384. 

have  taken  a  diameter  at  the  journals  of  If  inches,  aiul  a 
length  at  the  pulley  end  of  three  times  this  diameter,  or 
5  inches.  At  the  commutator  end  the  journal  need  not  be 
so  long,  and  we  have  made  it  4  inches  in  length.  The  shaft 
should  be  turned  down  a  little  smaller  than  this  diameter 
for  the  pulley,  and  we  may  make  it  1^  inches  diameter,  and 
about  the  same  length,  say  5^^  inches.     There  must   be  a 
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good  shoulder  at  the  journal,  and  we  will  increase  the 
diameter  by  half  an  inch  at  the  part  where  the  commutator 
is  driven  on,  making  it  2^  inches.  For  the  other  journal  we 
will  provide  the  same  amount  of  shoulder,  making  the  shaft 
for  a  short  distance  2^  inches  diameter.  The  armature  is 
driven  on  at  this  end  up  to  a  shoulder  s,  and  a  thread  is  cut 
on  the  shaft  to  take  a  nut  ;/,  by  which  the  armature  is  held 
in  position.  It  is  not  well  to  cut  the  thread  down  by  the 
shoulder  for  the  journal,  and  an  addition  to  the  diameter 
must  be  made,  such  that  the  bottom  of  the  thread  will  be  a 
larger  diameter  than  2|-  inches.  We  may  in  the  present 
example  take  a  diameter  for  the  shaft  of  2:^  inches  at  this 
part.  Since  the  armature  is  pressed  up  to  a  stop  at  s,  we 
will  allow  a  further  increase  of  diameter  at  this  part  of  a 
quarter  of  an  inch,  making  2|-  inches.  This  largest  diameter 
may  be  that  of  the  rough  forging,  because  nothing  has  to  fit 
over  it,  and  if  it  were  turned,  it  would  mean  turning  so 
much  more  metal  from  the  whole  length  of  the  shaft. 

3743.  The  shoulders  at  the  journals  must  be  carefully 
rounded,  sharp  corners  being  always  avoided,  as  this  intro- 
duces a  serious  weakness  by  concentrating  the  strain  at  one 
point  instead  of  distributing  it  over  a  larger  area, 

3744.  The  ratio  of  length  to  diameter  of  journal  at  the 
pulley  end  should  be,  for  machines  of  about  10  horsepower, 
3  to  1 ;  for  machines  of  100  horsepower,  about  4  to  1 ;  and  for 

still  larger  machines  it  is  well  to  increase 
the  ratio  still  further.  A  100-horsepower 
dynamo  would  have  the  diameter  of 
journals  about  4  inches. 

The  shaft  should  be  provided  with  oil- 
throwing  ridges,  in  order  to  prevent  oil 
from  reaching  the  commutator  or  arma- 
FiG.  1385.  ture.   The  shape  of  these  ridges  is  shown 

in   Fig.  1385.      They  should   be   covered   by  the  cap  to  the 
bearing,  as  indicated  in   the  sketch,  so  that  the  oil  that  is 
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thrown  off  will  fall  within  the  casing  and  be  returned  to  the 
oil-well,  if  self-oiling  bearings  are  used,  or  to  the  waste 
pocket  when  sight-feed  lubricators  are  employed. 

3745.  We  must  caution  the  student  against  making 
use  in  his  designs  of  the  very  bad  construction  of  shaft 
shown  in  Fig.  1386,  in  which  the  end  of  the  shaft  carrying 


Pig.  1886. 


the  pulley  is  larger  in  diameter  than  it  is  in  the  bearing. 
The  result  of  such  design  is  that  the  continual  pull  of  the 
belt  produces  in  the  shoulder  s  violent  strains,  constantly 
changing  from  one  direction  to  the  opposite,  as  the  shaft 
revolves,  and  these  reversals  of  load  produce  in  time  a  crys- 
tallization of  the  metal  which  will  cause  it  to  break  down  at 
probably  the  most  important  time,  that  is,  when  the  load  is 
heaviest.  If  the  shaft  must  be  of  such  a  small  diameter  in 
the  bearing,  let  the  size  be  the  same  under  the  pulley,  but 
not  greater.  By  far  the  better  plan  is,  as  we  have  drawn  it 
in  Fig.  1384,  to  make  the  journal  sufficiently  large  that 
there  shall  be  no  necessity  to  have  the  shaft  larger  at  the 
pulley  end. 


KEYS. 
3746.     The  following  table  gives  the  sizes  of  steel  keys 
for  different  diameters  of  shafts  : 


1/.    /,.     I\.  -26 
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TABLE   111. 

SIZES  OF  KEYS. 
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PULLEYS. 
3747.  The  pulleys  used  to  drive  high-speed  armatures 
must  of  necessity  also  run  at  high  speed  ;  therefore  it  is 
important  that  they  be  as  perfectly  balanced  as  possible. 
To  ensure  this,  it  is  best  to  employ  webbed  pulleys,  which 
may  be  turned  all  over,  and  this  design  may  be  used  on  all 
sizes  of  dynamos  up  to  100  horsepower.     The  ratio  of  diame- 


DYNAMO-ELECTRIC  MACHINE  DESIGN.  2409 

ter  to  length  may  be  taken  as  about  1.2  to  1  for  very  small 

machines,   while  for  sizes 

above  5  horsepower  a  ratio 

of  1.3  :  1  to  1.45  :  1  will  be 

found  to  conform  to  good 

practice. 

Fig.  1387  shows  a 
webbed  pulley  siich  as 
would  be  suitable  for  a  10- 
horsepower  dynamo.  The 
peripheral  speed  of  webbed 
pulleys  may  be  taken  as 
2,200  to  3,000  feet  per 
minute,  the  higher  figure 
corresponding  to  the 
larger  sizes  of  machine. 

Fig.  1387. 


BEARINGS. 
3748.  Bearings  for  dynamos  are  usually  made  self- 
oiling,  instead  of  being  fitted  with  sight-feed  lubricators.  A 
self-centering  bearing  with  oil-rings  is  shown  in  Fig.  1388, 
which  gives  two  views,  one  being  a  longitudinal  cross-section 
and  the  other  a  transverse  section  through  the  bearing  at 
one  of  the  oil-rings.  The  bearing  proper,  or  box,  is  com- 
posed of  two  parts  a  and  b,  the  upper  and  the  lower,  which 
are  supported  by  the  pedestal  d  and  secured  by  the  cap  r, 
which  is  held  in  place  by  four  bolts  e.  Two  oil-rings/",  y  are 
introduced  into  openings  cut  for  this  purpose  in  the  upper 
box,  and  rest  upon  the  shaft,  dipping  into  the  oil  contained 
in  the  reservoir  below.  When  the  shaft  is  revolved,  the 
rings  take  up  oil  and  carry  it  to  the  shaft.  The  boxes  should 
have  oilways  cut  in  them,  as  shown  by  the  dotted  lines,  and 
their  arrangement  should  be  such  as  to  lubricate  the  whole 
of  the  bearing  with  one  ring,  in  case  one  of  the  rings  should 
become  immovable.  It  is  possible  that  a  ring  may  adhere 
so  closely  to  the  edge  of  the  slot  by  the  capillary  action  of 
the  oil   as   to   stop   turning.     On   this   account  it  may  be 
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advisable  to  make  the  ring  of  a  winding  form  so  that  it  can 
not  lie  close  against  the  box.  A  small  cover  g  is  provided 
to  span  the  top  of  the  slot,  to  guard  against  the  ring  climb- 
ing up  on  the  top  of  the  box.  The  two  halves  of  the  bearing 
are  fitted  with  a  tongue  joint,  so  that  they  can  not  slip  side- 
ways. It. will  be  seen  that  the  upper  box  is  not  cut  through 
by  the  oil-ring  slot,  but  that  a  small  connecting  bridge  //  is 


Fig.  1388. 


left,  which  holds  the  three  parts  together.  The  oil-rings 
should  not  be  so  large  in  diameter  as  to  be  in  danger  of 
touching  the  sides  of  the  oil  chamber  ;  it  must  be  re- 
membered that  a  theoretical  static  clearance  is  not  sufficient, 
as  the  ring,  when  turning,  is  carried  over  slightly  to  one 
side.  If  the  box  were  allowed  any  twisting  motion,  such  as 
it  might  derive  from  the  shaft,  the  bridges  h  would  touch  the 
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oil-rings  and  prevent  them  from  turning;  therefore  the  lower 
box  is  fitted  with  two  pins,  /,  /,  which  are  so  spaced  as  to  touch 
against  the  walls  of  the  central  oil  chamber.  For  purposes 
of  inspection  of  the  rings  and  for  supply  of  oil,  two  openings 
X',  k  are  made  in  the  pedestal  cap,  which  may  be  covered  by 
small  hinged  lids  to  prevent  the  entrance  of  dust  or  other 
foreign  matter.  With  the  same  end  in  view  of  keeping  the 
oil  clean,  a  plate  /  may  be  screwed  on  the  end  of  the 
pedestal;  it  should  not  be  made  fast  to  the  cap  also,  as  it 
would  have  to  be  moved  every  time  the  cap  was  taken  off. 
An  oil-gauge  ;//,  to  show  at  a  glance  the  amount  of  oil  in  the 
reservoir,  will  be  found  to  be  a  valuable  addition,  as  there 
is  then  much  less  possibility  of  the  level  of  the  oil  falling 
below  the  edge  of  the  rings.  A  drain-cock  n  should  be 
provided  for,  in  order  that  the  oil  may  be  drained  off  and 
filtered,  or  fresh  oil  supplied. 

3749.  The  pedestal  and  cap  for  the  commutator  end 
are  turned  at  o  to  receive  the  rocker-arm.  At  the  pulley 
end  of  the  machine  the  bearing  is  symmetrical  at  both  ends. 
It  will  be  observed  that  a  greater  thickness  of  metal  is 
allowed  at  /  than  at  other  parts  of  the  pedestal.  The 
reason  for  this  is  that  the  cores  of  the  oil  chamber  and  of 
the  interior  of  the  pedestal  may  vary  a  little  in  setting,  and 
the  jxtra  clearance  is  allowed  in  order  that  the  iron  may 
not  be  too  thin  at  this  part. 

3750.  In  the  drawing  we  have  supposed  the  two  boxes 
to  be  held  together  by  the  clamping  of  the  outer  bolts  on 
the  cap.  In  addition  to  this,  we  might  wish  to  bolt  the 
boxes  together  independently.  This  should,  indeed,  be  done 
in  the  case  of  a  long  bearing,  and  is  a  simple  matter  of 
design.  Care  should  be  taken  that  the  tap-bolts  used  do 
not  come  too  close  to  the  inner  surface  of  the  cap,  and  due 
allowance  must  be  made  for  side  play.  It  would  probably 
be  necessary  to  cast  small  bosses  on  the  upper  and  lower 
boxes,  the  upper  ones  to  bear  against  the  heads  of  the  bolts, 
and  the  lower  ones  to  form  a  sufl&ciently  solid  mass  to  tap 
into. 
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3751.  The  bolts  in  the  cap  should  fit  closely,  that  the 
cap  may  not  move  from  its  position.  The  holes  after  being 
drilled  should  be  reamed  out  to  the  correct  size. 

3752.  Babbitted  bearings  are  generally  used  on  large 
machines,  where  the  boxes  are  of  cast  iron.  The  Babbitt 
lining  should  be  very  thoroughly  secured  by  dovetailed 
joints,  so  that  there  will  be  no  possibility  of  it  stripping  off 
at  the  edges. 


FRAME. 
3753.  The  dynamo  frame  may  include  the  pedestal,  as 
in  Fig.  1388,  or  the  pedestals  may  be  separate  castings.  For 
bipolar  machines,  it  is  necessary  that  the  pedestals  should 
be  removable,  in  order  that  the  armature  and  shaft  may  be 
entered  between  the  pole-pieces.  In  the  multipolar  con- 
struction, however,  the  field  is  cast  in  two  parts,  the  upper 
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one  being  bolted  to  the  lower,  and  the  armature  may  at  any 
time  be  removed  by  taking  off  the  upper  field  and  the 
pedestal  caps. 

3754.  Fig.  1389  shows  two  elevations  of  a  bipolar 
frame  with  Avrought-iron  fields  bolted  down,  the  bolts  enter- 
ing from  below  at  b,  b.  For  the  sake  of  convenience  in 
hand-ling,  the  pedestals  are  made  only  large  enough  to  allow 
room  for  the  armature  to  pass  when  they  are  removed.   The 
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centers  of  the  bearings  are  not  directly  over  the  centers  of 
the  supporting  pillars  a,  a,  but  are  set  to  one  side.  On  the 
commutator  end  this  is  done  to  allow  clearance  for  the 
brush-holder  studs  and  cable  tips  when  the  rocker-arm  is 
moved  round,  and  on  the  other  end  this  construction  allows 
the  rim  of  the  pulley  to  come  closer  to  the  center  of  the 
machine  than  would  otherwise  be  the  case. 

3755.     The  frame  of  a  circular  field  four-pole  dynamo 
is    shown    in    Fig.   1390.     The    bearings    are   of    different 


FIG.  1390. 

lengths,  the  commutator  bearing  being  shorter.  It  will  also 
be  noticed  that  the  rocker-arm  is  supported  in  a  rather 
different  manner  from  that  described  in  connection  with 
smaller  machines.  The  frame  as  a  whole  is  fitted  to  a  base- 
plate b^  and  slides  along  it  in  a  direction  perpendicular  to  the 
line  of  shaft,  being  guided  by  planed  tongues  a^  a,  which  fit 
into  corresponding  recesses  in  the  frame.  This  movement 
is  intended  to  take  up  the  slack  in  the  belt,  and  should  be 
provided  for  in  all  belt-driven  machines.  A  screw  passes 
through  the  hole  c  and  engages  in  a  nut  fastened  to  the 
frame.  A  ratchet-and-pawl  mechanism  is  used  in  connec- 
tion with  a  lever  to  turn  the  screw  and  move  the  machine 
back  and  forth, 

3756.     The  rocker-arm  support  is  a  separate  casting, 
and  is  independent  of  the  pedestal  cap,  so  that  the  cap  may 
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be  removed  without  disturbing  the  rocker-arm.  A  detail  of 
the  rocker-arm  support  is  given  in  Fig.  1391.  Being  open 
at  the  top,  it  allows  of  the  removal  of  the  shaft  without 
taking  off  this  support,  and   being  fastened  only  below  the 
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center  line,  the  cap  may  be  loosened  or  taken  off  without  the 
necessity  of  dismantling  the  rocker-arm.  Flat-headed  screws 
are  used  in  the  holes  a^  «,  and  they  pass  through  and  enter 
into  bosse's  cast  on  the  pedestal.  The  groove  for  the  rocker- 
arm  is  V-shaped. 


Fig.  1392. 


3757.  The  following  are  dimensions  for  eye-bolts  for 
screwing  into  the  frame,  such  as  is  shown  in  Fig.  1390  and 
detailed  in  Fig.  1392^ 
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TABLE    112. 

SIZES  OF  STAXI>AHI>   EYE-BOLTS. 
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3758.  The  lengths  and  diameters  of  standard  tap-bolts, 
given  in  the  accompanying  table,  will  be  found  useful  in 
actual  designing  of  the  parts  of  dynamos. 

TABLE   113. 
STANDARD  HEXAGONAL,  HEAD  TAP-BOLTS. 


Diameter  of  Screw 
Short  Diameter  of  Head 
Long  Diameter  of  Head 
Length  Under  Head 
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Long  Diameter  of  Head 
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Length  Under  Head 
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POLE-PIECES. 
3759.  The  shape  of  the  pole-pieces  is  an  important 
matter.  In  a  two-pole  field  there  must  be  plenty  of  metal 
at  the  ends  of  the  pole-pieces,  that  is,  they  must  not  be 
tapering.  The  object  is  to  diminish  the  reluctance  as  far  as 
possible,  so  that  the  lines  of  force  will  distribute  themselves 
evenly  over  the  whole  air-gap  and  not  be  concentrated 
near  the  end  where  they  emerge  from  the  magnet  core. 
This  effect  may  be  produced  by  placing  the  armature  a 
little  out  of  the  center,  in  the  direction  of  the  pole  tips. 
When  an  inverted  form  of  dynamo  is  used,  such  as  the  Edi- 
son bipolar,  the  pole-pieces  must  be  separated  from  the  base- 
plate by  a  footstep  of  zinc,  usually  four  or  five  inches  deep, 
in  order  to  diminish  the  leakage. 
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3760.  The  pole  tips  must  not  end  abruptly,  as  we  have 
already  pointed  out,  but  a  commutating  fringe  must  be  pro- 
vided. The  shape  of  the  pole  tip  may  be  as  shown  in  Fig. 
1393,  with  pointed  ends  at  the  leading  and  following  tips,  or 


FlG.  1393. 

with  rounded  ends.  The  thickness  at  a  should  be  compara- 
tively small,  as  this  dimension  affects  the  diameter  of  the 
frame;  but  it  should  not  be  so  small  as  to  cause  the  pole  tips 
b,  b  to  be  thin,  as  they  extend  farther  from  the  core  and  are 
intended  to  carry  a  large  number  of  lines  of  force.  Also,  if 
the  pole  tips  are  made  thin,  the  casting  is  liable  to  be  hard 
at  those  parts  and  to  have  a  lower  permeability.  The 
upper  part  of  the  core  c  is  to  be  fitted  to  a  hole  bored  in  the 
yoke,  unless,  as  presently  to  be  described,  the  yoke  is  cast 
around  it.  The  surface  of  the  cylinder  c  must  be  greater 
than  the  area  of  cross-section  of  the  magnet  core,  in  order 
that  there  may  be  no  throttling  of  the  lines  of  force  as  they 
pass  into  the  yoke.  When  the  yoke  is  of  cast  iron,  the 
density  will  not  usually  be  more  than  35,000  or  40,000  lines 
per  square  inch,  so  that  the  area  of  contact  between  the 
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core  and  yoke  should  be  nearly  double  the  cross-sectional 
area  of  the  core. 

The  pole-piece  is  intended  to  be  secured  by  means  of  two 
bolts  at  d^  d.  These  should  fit  closely  in  the  holes  in  the 
yoke,  in  order  that  the  pole-piece  may  not  shift.  In  case 
one  bolt  is  used  instead  of  two,  a  dowel-pin  should  also  be 
provided  to  guard  against  any  twisting  of  the  pole-piece. 

3761.  When  the  pole-piece  is  to  be  cast  into  the  yoke, 
it  is  usually  a  wrought-iron  forging,  and  the  shape  must  be 
such  as  to  be  firmly  held  in 
place.  Any  design  may  be 
adopted  that  is  likely  to  secure 
this  end.  The  end  of  the  pole- 
piece  may  be  hollowed  out,  as 
in  Fig.  1394  at  a,  as  this  will 
afford  a  little  more  contact  sur- 
face than  if  it  were  flat,  and  will 
also  reduce  the  weight  of  the 
forging.  Plenty  of  metal  must 
be  left  around  the  top  of  the 
pole  piece  and  on  the  sides,  in  '     fig.  1394. 

order  that  the  castings  may  be  sound  and  strong.  In  such 
a  design  as  this,  pole  tips  can  not  be  used  unless  they  are 
bolted  on  after  the  spool  is  in  place.  The  pole  tip  then  forms 
a  flange  as  shown  in  Fig.  1395,  which  supports  the  spool. 

The  surfaces  at  s  must  be  well 
fitted,  in  order  to  eliminate  all 
unnecessary  reluctance.  The 
two  screws  which  hold  the 
pole  tip  in  position  should  be 
well  fitted,  in  order  that  the 
Fio.  1386.  ^jp  jnay  not   move,    and   the 

clearance  holes  around  the  head  must  be  as  small  in  diame- 
ter and  as  shallow  as  possible,  while  allowing  the  head  of  the 
screw  to  be  beneath  the  surface.  If  the  pole  tip  is  so  small 
that  only  one  screw  is  considered  necessary,  a  dowel-pin 
should  be  used  to  prevent  the  pole  tip  from  turning. 
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LAMIIVATED  FIELDS. 

3762.  There  may  be  considerable  loss  of  power  due  to 
eddy  currents  in  the  fields  as  the  teeth  of  a  slotted  armature 
move  past  the  pole  tips.  This  loss  is  made  evident  by  a  local 
heating,  and  may  be  almost  entirely  removed  by  laminating 
either  the  whole  pole-piece  or  simply  the  pole  tips.  One 
method  proposed  is  to  use  a  mass  of  laminated  sheet  iron  for 
a  pole  tip  such  as  that  described  in  connection  with  Fig.  1395. 
Some  makers  prefer  to  construct  the  whole  pole-piece  of 
laminated  iron  firmly  bolted  together  and  cast  into  the  yoke. 
It  is  probably  sufficient  to  provide  lamination  for  the  pole 
tip  alone.  

CROSS-SECTIOBJ  OF  CORES. 

3763.  Magnet  cores  should  preferably  be  made  circular 
in  cross-section,  as  the  circle  encloses  a  larger  area  for  a 
given  periphery  than  any  other  geometrical  shape.  For  pur- 
poses of  comparison,  therefore,  the  following  table,  given  by 
S.  P.  Thompson,  will  prove  useful,  as  it  shows  the  relative 
lengths  of  wire  required  to  wind  around  sections  of  various 
forms  enclosing  equal  areas: 

Circle 3.540 

Square 4.000 

Rectangle  2:1 4.240 

Rectangle  3:1 4. 620 

Rectangle  10:1 6.910 

Oblong,  made  of  one  square  between  two  semicircles .  3. 760 
Oblong,    made  of    two  squares  between  two  semi- 
circles   4.280 

Two  circles,  side  by  side 4. 997 

Two  circles,  but  wire  wound  around  both  together.  4.100 

Three  circles,  wire  wound  around  each  separately.  .  6.130 

Four  circles,  wire  wound  around  each  separately. . .  7.090 


SPOOLS. 
3764.     Magnet  spools  should  be  substantially  built,  in 
order  to  stand  handling  and  perhaps  rough  usage  without 
risk  of  falling  apart.     Fig.  1396  shows  the  details  of  con- 
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struction  of  a  spool  such  as  would  be  suitable  for  a  lO-horse- 
power  dynamo.  The  actual  frame  of  the  spool  consists  of 
two  sheet-iron  cylinders  a^  b,  one  within  the  other,  having 
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Fig.  1396. 

flanges  c,  d  which  are  pressed  close  in  to  the  end  rings  r,  / 
and  hold  them  securely  in  place.  These  rings  are  made  of 
hard  vulcanized  fiber  for  small  spools.  The  surface  of  the 
outer  cylinder  b  is  then  covered  with  thinner  fiber 
wound  on  to  a  thickness  of  about  three -sixteenths  of 
an  inch,  after  which  the  wire  is  put  in  place.  The  inner 
end  of  the  wire  may 
be  brou  ght  out 
through  a  hole  in  the 
end  ring  e  or/",  on  a 
level  with  the  first 
layer.  An  even  num- 
ber of  layers  will  re- 
sult in  bringing  the 
ends  out  close  to- 
gether, and  will 
render  connections 
easily  made. 

3765.   For  heavy 

spools,    it    is   best    to 
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have  metal  flanges,  preferably  of  brass,  in  order  to  prevent 
leakage  around  the  coil.  Fig.  1397  shows  the  construction 
of  a  flange  of  this  description,  also  the  manner  of  bringing 
out  the  inner  end  of  the  wire.  The  flange /"is  cored  out  on 
the  inside  for  the  sake  of  lightness.  A  slight  recess  is  turned 
at  a,  to  receive  the  flange  of  the  sheet-iron  cylinder  b.  In- 
sulating linings  c,  d  are  provided,  as  in  Fig.  139G,  to  hold 
the  wire.  The  end  of  the  wire  is  at  e\  before  winding,  a 
narrow  strip  of  thin  copper  g  is  soldered  to  it  and  wrapped 
throughout  its  length  with  tape.  After  the  spool  is  filled, 
this  end  is  bent  over,  and  a  brass  connector  Ji  is  soldered  on, 
as  shown.  The  strip  is  then  held  in  place  by  the  cord  ?',  with 
which  the  whole  spool  is  served. 


TERMINAL  CONNECTIONS. 

3766.     The  connections  between  the  dynamo  and  the 

external  circuit  are  made  on  a  terminal  board.    This  is  a 

piece  of  wood  shaped  to  receive  the  terminals,  and  may  be 

of  the  form   shown  in  Fig.  1398,  although  there  is  a  large 


Fig.  1398. 

variety  of  designs  used.  The  terminals  are  cast  brass 
blocks,  of  the  same  width  as  the  terminal  board  in  the 
groove,  and  are  secured  to  the  board  by  means  of  screws 
entering  from  beneath  and  countersunk  sufficiently  to  be 
well  clear  of  the  metallic  support.  To  further  ensure  the 
screws  against  accidental  contact  with  the  frame,  a  piece  of 
thin  fiber  may  be  cut  to  the  shape  of  the  board,  and  placed 
under  it,  holes  being  made  to  pass  the  two  holding-down 
screws. 
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TERMINAL  BLOCKS. 

3767.  In  Fig.  1399  is  shown  a  terminal  block  which 
would  be  suitable  for  the  board  in  Fig.  1398.  Two  holes 
a,  a  are  drilled  through  from  side  to  side,  and  the  cable  tips 
to  which  the  leads  are  soldered  are  turned  to  fit  these  holes, 
the  set -screws  being  used  to 
secure  them.  The  screw  s 
holds  the  terminal  block  in 
place.  When  it  is  necessary 
to  have  an  extra  connection 
for  the  shunt,  a  small  hole 
must  be  drilled,  as  shown  at 
5,  in  Fig.  1400,  for  the  accom- 
modation of  the  cable  tip. 

3768.  A  different  method 
is  given  for  the  clamping  of  the 
main  lead  cable  tips.  Slots  are 
cut  through  at  a^  a^  Fig.  1400, 
so  that,  when  the  screws  b^  b 
are  tightened,  the  tips  are  held 
firmly.  The  terminal  block 
can  not  now  be  fastened  by  one 
screw,  as  there   is  no  room  in  p*°-  i**^- 

the  center,  so  two  screws  are  used,  located  near  the  outer 
edge  at  r,  c.  In  laying  out  the  holes  for  the  cable  tips,  suf- 
ficient clearance  must  be  allowed  for  the  body  of  the  tips,  so 
that  they  will  not  touch  each  other  when  all  are  in  place. 

3769.  The  cable  tip  used  for  the  terminal  blocks  is 
shown  in  Fig.  1401.  The  end  a  is  of  such  a  size  as  to  enter 
easily  into  the  hole  in  the  block,  and  is  intended  to  be  flush 
with  the  edge  of  the  block  when  in  position.  The  lead  is 
soldered  in,  as  already  described.  The  edge  e  should  not  be 
left  square,  but  must  be  rounded,  as  shown,  in  order  that  the 
insulation  of  the  cable  be  not  damaged.  The  cable  tips  are 
brass  castings. 

3770.  For  shunt  connections  the  terminal  block  shown 
in  Fig.  1402  is  suitable.     It  is  designed  on  the  same  lines  as 
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Fig.  1403. 
Fig.  1400,  but  the   cable  tips  enter  only  half  the  distance 
hence  two  may  be  used — one  from  either  side. 
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3771 .  For  a  compound- wound  dynamo,  the  connections 
of  the  series  coils  to  each  other  are  made  with  cast-brass 
clamps,  like  that  shown  in  Fig.  1403.  These  should  be  thick 
enough  to  stand  the  pressure  of  the  bolt  without  bending 
back,  so  as  to  afford  good  contact  and  diminish  the 
resistance. 


CONNECTIOX   DIAGRAMS. 


SHUNT-WOUND    DYNAMO. 

3772.     A  connection  diagram  is  given  in  Fig.  1404  for 
a   shunt-wound    dynamo   fitted    with   terminal    boards  and 
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j;.  L.    i\.-:ii 
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terminals,  as  described  in  the  preceding  pages.  The 
right-hand  board  has  two  blocks:  one,  that  at  ^,  being 
similar  to  Fig.  1399,  and  the  other,  lettered  b,  like  Fig 
1402.  On  the  other  terminal  board  are  similar  blocks. 
A  permanent  connection  is  made  at  c  to  complete  the 
shunt  circuit ;  this  is  done  in  order  that  the  field  reg- 
ulator may  be  inserted  on  either  side  of  the  machine, 
as  may  be  convenient.  The  two  wires  e,  f  go  to  the 
regulator,  as  drawn.  The  system  of  connection  will 
doubtless    be    quite   clear   from    the    diagram. 


FfQ.  14Q5. 
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COMPOUND-WOUND    DYNAMO. 

3773.  Fig.  1405  shows  the  connection  for  a  compound- 
wound  dynamo.  On  the  left-hand  board  the  series  shunt  s 
is  shown  by  a  wavy  line.  This  may  be  connected  by  solder- 
ing to  special  tips.  The  terminal  a  is  detailed  in  Fig.  1399. 
The  series  cable  tip  is  only  half-length,  because  the  shunt 
tip  occupies  the  rest  of  the  hole.  The  same  applies  to  the 
cable  tips  in  d,  which  is  similar  to  Fig.  1400. 


ASSEMBLED    MACHINES. 

3774.  A  perspective  view  of  a  standard  bipolar  dynamo 
is  shown  in  Fig.  1406.  In  the  figure  the  machine  is  repre- 
sented as  ready  for 
operating,  and  is 
mounted  upon  sli- 
ding rails,  which  are 
attached  to  the 
wooden  bed-plate. 
Two  adjusting 
screws,  one  on  each 
side  of  the  ma- 
chine, are  used  to 
move  the  dynamo 
along  tne  rails, 
thereby  loosening 
or  tightening  the 
belt,  as  the  circum-  fig.  i406. 

stances  may  require.  An  incandescent  lamp  is  connected 
between  the  main  terminals  of  the  connection  board,  placed 
on  top  of  the  machine,  and  is  used  to  indicate  when  the 
machine  is  generating  its  normal  E.  M.  F.  A  lamp  used 
for  this  purpose  is  usually  called  a  pilot  lamp.  This  is 
really  nothing  more  than  a  cheaper  substitute  for  a  voltmeter. 


3775.     In    Fig.    1407    is    shown 
mounted  on  a   cast-iron  bed-plat- 


a    four-pole  dynamo 
a  belt-tightening 
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mechanism  similar  to  that  in  the  preceding  figure.      In  this 
case,  however,  only  one  screw  is  used,  it  being  placed  in  a 


Fig.  1407. 


central  position.      The  details  of  construction  will  readily  be 
understood  from  the  preceding  description. 


MOTOR  DESIGN. 

(CONTINUOUS-CURRENT.) 


PRINCIPLES  OF  OPERATION. 

3776.  Electric  motors  designed  to  be  operated  by  con- 
tinuous current  were  in  use  before  the  dynamo  was  invented. 
Such  motors  were  operated  by  batteries,  and  usually  were 
made  up  by  arranging  pieces  of  iron  so  that  they  would  be 
successively  attracted  by  electromagnets,  and  thus  give  rise 
to  motion.  Several  styles  of  such  motors  were  made,  and 
although  they  operated  after  a  fashion,  they  ultimately 
proved  failures,  and  attempts  to  utilize  electricity  as  a  source 
of  mechanical  energy  by  this  means  proved  fruitless.  The 
cause  of  this  failure  was  twofold.  In  the  first  place,  bat- 
teries proved  to  be  a  very  expensive  means  of  generating  the 
current  necessary,  and,  secondly,  motors  built  on  the  lines 
indicated  above  were  very  inefficient,  delivering  only  a  very 
small  amount  of  power  at  the  pulley  compared  with  the 
amount  of  power  supplied  to  them.  The  invention  of  the 
dynamo  afforded  a  cheap  and  convenient  means  of  genera- 
ting current,  so  that  after  its  invention  attention  was  again 
given  to  electric  motors.  Shortly  after  the  invention  of  the 
dynamo,  it  was  found  that  the  same  machine  which  operated 
as  a  dynamo  could  also  be  run  as  a  motor  if  it  were  fed  with 
current  from  an  outside  circuit;  in  other  words,  that  the 
ordinary  continuous-current  dynamo  was  reversible  in  its 
action.  It  was  also  found  that  an  electric  motor  designed 
on  the  same  lines  as  the  dynamo  would  convert  electrical 
energy  into  mechanical  energy  quite  as  efficiently  as  the 

For  notice  of  copyright,  se«  pagv  immediately  following  the  title  [Ktge. 
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dynamo  would  perform  the  reverse  operation.  Direct- 
current  motors  came  into  rapid  use  for  transmitting  power, 
and  although  the  alternating-current  motor  is  beginning  to 
take  their  place  in  some  cases,  there  are  still  large  numbers 
of  them  used.  The  most  extended  use  of  direct-current 
motors  at  present  is  probably  in  connection  with  street- 
railways,  the  alternating  current  having  been  used  very 
little  for  this  purpose  as  yet. 


DYNAMOS  AND  MOTORS  COMPARED. 

3777.  A  dynamo  may  be  defined  as  a  machine  for  the 
generation  of  an  electromotive  force  and  current  by  the 
motion  of  conductors  through  a  magnetic  field.  This  motion 
and  the  force  necessary  to  maintain  it  must  be  supplied  by 
a  steam-engine  or  other  source  of  power.  On  the  other  hand, 
a  motor  may  be  defined  as  a  machine  for  supplying  mechan- 
ical power  when  supplied  with  an  electric  current  from  some 
outside  source.  The  motion  and  the  force  necessary  to 
maintain  it  is  in  this  case  supplied  by  the  reaction  between 
the  current  flowing  in  a  set  of  conductors  and  the  magnetic 
field  in  which  the  conductors  are  placed. 

3778.  As  far  as  the  electrical  features  of  a  continuous- 
current  motor  are  concerned,  they  are  almost  identical  with 
those  of  the  continuous-current  dynamo.  The  differences 
in  the  two  which  occur  in  practice  are  very  largely  differ- 
ences in  mechanical  details  which  are  necessary  to  adapt  the 
motor  to  the  special  work  which  it  has  to  do.  This  is 
notably  the  case  with  street-railway  motors,  motors  used  in 
mining  and  hoisting  work,  etc.  The  class  of  work  which 
such  motors  have  to  perform  renders  it  necessary  that  they 
should  be  enclosed  as  much  as  possible.  No  matter  what 
the  mechanical  design  of  such  motors  may  be,  they  all  con- 
sist of  the  same  essential  parts  as  the  dynamo,  namely, 
field-magnet,  and  armature  with  its  commutator,  brush 
holders,  etc. 
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ACTION    OF    MOTOR. 
3779.     It  is  necessary  to  consider  carefully  the  forces 
acting  in  a  motor,  in  order  to  understand  clearly  the  behavior 
of  different  kinds  of 
motors     when    oper- 
ated under  given  con- 
ditions.    In  order  to 
do  this,  we  will  con- 
sider the  force  acting 
on  a  conductor  which 
is  carrying  a  current  fig.  1408. 

across  a  magnetic  field.  Suppose  the  arrows.  Fig.  1408, 
represent  magnetic  lines  of  force  flowing  between  the  pole 

faces  of  the  magnet 
I  N  S,  and  let  a  rep- 
resent the  cross-sec- 
tion of  a  wire  lying 
at  right  angles  to  the 
lines.  So  long  as 
no  current  flows 
Fig.  1409.  through     the     wire, 

the  field  will  not  be  distorted,  and  there  will  be  no  tendency 
for  the  wire  to  move.  If  the  ends  of  the  wire  are  connected 
to  a  battery  so  that  a 
current  flows,  say, 
down  through  the 
paper,  this  current 
will  tend  to  set  up 
lines  of  force  around 
the  wire,  as  shown  by 
the     dotted     circles,  fig.  mo. 

Fig.  1409.  It  will  be  noticed  that  these  lines  tend  to  oppose 
the  original  field  below  the  wire  and  make  it  more  dense 
above  the  wire.  The  resultant  effect  is  that  the  field  is 
distorted,  as  shown  in  Fig.  1410,  and  the  wire  is  forced 
downwards. 


3780.     The  action  described   in   the  simple  case  just 
given  is  essentially  that  which  takes  place  in  an  electric 
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motor.  The  magnetic  field  is  supplied  by  the  field-magnet. 
This  magnet  is  excited  by  means  of  current  taken  from  the 
mains  to  which  the  motor  is  connected.  Current  from  the 
line  is  led  into  the  armature  windings  by  means  of  the  com- 
mutator and  brushes,  and  this  armature  current  reacts  on 
the  field,  thus  driving  the  armature  around.  The  commu- 
tator keeps  the  relation  between  the  current  in  the  con- 
ductors and  the  field  such  that  the  twisting  force  or  torque 
acting  on  the  armature  is  continuous,  and  a  uniform  rotary 
motion  is  the  result.  The  effort  exerted  by  the  reaction 
between  the  field  and  the  current  in  each  individual  con- 
ductor may  be  quite  small;  but  it  must  be  remembered  that 
the  armature  is  usually  provided  with  a  large  number  of 
conductors,  so  that  the  total  resulting  torque  may  be  quite 
large. 

3781.  By  referring  to  Fig.  1410,  it  will  be  seen  that  in 
a  motor  the  conductors  are  forced  across  the  field  by  the 
reaction  of  the  armature  current  on  the  field.  That  is,  the 
force  exerted  by  the  magnetic  field  upon  the  armature  con- 
ductors of  a  motor  is  in  t lie  same  direction  as  the  motion  of 
the  armature.  This  force  is  made  use  of  for  doing  mechan- 
ical work.  Compare  this  with  the  action  of  a  dynamo. 
The  dynamo  armature  is  driven  by  means  of  a  steam-engine 
or  other  source  of  power,  and  the  armature  conductors  are 
made  to  cut  across  the  magnetic  field,  this  motion  causing 
the  generation  of  an  E.  M.  F.  When  the  outside  circuit  is 
closed,  so  that  current  flows  through  the  armature  con- 
ductors, this  current  reacts  on  the  field  in  such  a  way  as  to 
oppose  the  motion  of  the  armature.  The  more  current  the 
dynamo  supplies,  the  greater  is  this  opposing  torque  action 
between  armature  and  field  and  the  more  work  the  steam- 
engine  has  to  do  to  keep  the  dynamo  operating.  In  the 
case  of  a  motor,  the  greater  the  load  applied  to  the  pulley  the 
greater  must  be  the  torque  action  between  the  armature 
and  field  to  keep  up  the  motion,  and  the  greater  the  amount 
of  current  Avhich  must  be  supplied  from  the  line.  It  is  thus 
seen  that  as  regards  the  torque  action  between  the  armature 
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and  field,  the  motor  is  just  the  opposite  of  the  dynamo,  the 
force  action  in  the  former  case  being  with  the  direction  of 
motion  and  in  the  latter  case  against  it. 


COUNTER   E.  M.  F.  OF  MOTOR. 

3782.  It  was  shown,  in  connection  with  the  study  of  the 
theory  of  the  dynamo,  that  whenever  a  conductor  is  moved 
in  a  magnetic  field  so  as  to  cut  lines  of  force,  an  E.  M.  F.  is 
induced  in  the  conductor.  In  the  case  of  a  dynamo,  an 
E.  M.  F.  is  generated  in  this  way,  and  this  E.  M.  F.  is  made 
use  of  to  set  up  currents  in  outside  circuits.  In  other 
words,  the  E.  M.  F.  is  the  cause  of  the  flow  of  current,  and 
consequently  the  E.  M.  F.  is  in  the  same  direction  as  the 
current. 

In  a  motor  we  have  all  the  conditions  necessary  for  the 
generation  of  an  E.  M.  F.  in  the  armature;  that  is,  we  have 
an  armature  revolving  in  a  magnetic  field  and  conductors 
cutting  across  lines  of  force.  It  is  true  that,  in  the  case  of 
a  motor,  the  armature  is  not  driven  by  a  belt  as  in  the  case 
of  a  dynamo,  but  is  driven  around  by  the  force  action 
between  the  field  and  armature.  This,  however,  makes  no 
difference  as  far  as  the  generation  of  an  E.  M.  F.  is  con- 
cerned. 

When  a  motor  is  in  operation,  there  must  be  an  E.  M.  F. 
generated  in  its  armature,  and  for  the  present  we  will  term 
it  the  motor  E.  M.  F.  Take  the  simple  case  shown  in 
Fig.  1410:  as  the  conductor  is  forced  down,  it  will  pass  across 
the  magnetic  field,  and  an  E.  M.  F.  will  be  induced  in  it. 
Also,  by  applying  the  rule  for  determining  the  direction  of 
the  induced  E.  M.  F.,  we  see  that  it  must  be  directed 
upwards,  that  is,  towards  us  along  the  conductor  (the  direc- 
tion of  motion  being  down  and  the  direction  of  the  field 
from  left  to  right).  The  current  flowing  in  the  conductor  is 
flowing  away  from  us,  or  is  being  opposed  by  the  E.  M.  F, 
We  may  state,  then, 

///  an  electric  motor  the  E.  M.  F.  generated  in  the  armature 
is  opposed   to  the  current   which   is  Jlowing   through   tlu 
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armature.  Owing  to  the  fact  that  the  motor  E.  M.  F.  is 
opposed  to  the  current,  it  is  commonly  spoken  of  as  the 
counter  E.  M.  F.  of  the  motor.  It  is  important  that  the 
student  should  clearly  understand  the  generation  of  this 
counter  E.  M.  F.  and  its  relation  to  the  current.  As 
regards  the  generation  of  E.  M.  F.,  the  motor  is  the  oppo- 
site of  the  dynamo,  as  in  the  latter  case  the  E.  M.  F.  is 
always  in  the  same  direction  as  the  current. 

3783.  In  order  that  a  current  may  be  sent  through 
the  armature  of  a  motor,  the  E.  M.  F.  of  the  dynamo  sup- 
plying the  current  must  be 
greater  than  that  of  the 
motor.  Suppose  a  dynamo 
A,  Fig.  1411,  is  supplying 
current  to  the  motor  B. 
Let  E  be  the  E.  M.  F. 
maintained  between  the 
mains  by  the  dynamo  A. 
We  will  suppose  E  to  be 
kept  constant  independ- 
ently of  the  current  deliv- 
ered. The  motor  when 
running  will  generate  a 
certain  counter  E.  M.  F. 
which  we  will,  call  E^^. 
Part  of  the  line  pressure 
will  be  used  in  overcoming 
the  counter  E.  M.  F.,  E^^  of 
the  motor,  and  the  remain- 
der in  overcoming  the 
If  the  field  coil  were  connected 
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Fig.  1411. 

resistance  of  the  armature, 
in  series  with  the  armature  instead  of  in  shunt  as  shown,  a 
small  part  of  E  would  also  be  required  to  overcome  the 
resistance  of  the  field  winding.  For  the  present  we  will 
consider  the  case  shown.  If  C  is  the  current  flowing  through 
the  armature,  we  must  have  the  relation 

E  =  E^^CK,  (601.) 
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where  /?„  is  the  resistance  of    the  armature.      This  must 
hold  true  for  any  value  of  the  current. 

3784.  It  is  evident  from  formula  601  that  if  the  cur- 
rent flowing  is  very  small  (which  is  the  case  if  the  load  on 
the  motor  is  very  light),  the  counter  E.  M.  F.,  ^„,  is  very 
nearly  equal  to  the  E.  M.  F.  E  maintained  between  the  lines 
by  the  dynamo.  If  E  and  £^  were  exactly  equal,  no  currerrt 
would  flow  in  the  circuit.  In  practice,  E^  never  becomes 
quite  equal  to  jS",  because  it  always  takes  a  small  amount  of 
current  to  run  a  motor  even  if  no  load  is  applied  to  the  pul- 
ley. There  is  always,  therefore,  a  slight  amount  of  the  line 
pressure  taken  up  in  overcoming  the  armature  resistance, 
and  E,^  is  less  than  E,  as  shown  by  formula  601. 


EFFICIENCY. 

3785.  There  are  certain  unavoidable  losses  in  a  motor 
just  as  there  are  in  a  dynamo.  There  is  the  loss  in  the  field 
windings,  the  C^R  loss  in  the  armature  coils,  the  core  loss 
due  to  hysteresis  and  eddy  currents,  and  the  loss  due  to 
mechanical  friction.  The  commercial  efficiency  of  the  motor 
is  the  ratio  of  the  useful  power  delivered  at  the  pulley  to 
the  total  power  supplied  from  the  mains.  The  electrical 
power  utilized  by  the  motor  armature  will  be  the  product  of 
the  current  flowing  through  the  armature  and  the  counter 
E.  M.  F.  generated,  just  as  the  electrical  energy  generated 
in  the  armature  of  a  dynamo  is  the  product  of  the  E.  M.  F. 
generated  and  the  current  flowing.  We  will  call  this  elec- 
trical power  taken  up  by  the  armature  zv'  and  the  total  power 
supplied  to  the  motor  W.  The  amount  of  power  which  is 
delivered  at  the  pulley  will  be  less  than  w'  by  the  amount 
lost  in  friction  and  core  losses;  we  will  denote  the  power 
delivered  at  the  pulley  by  %v.     Then 

Commercial  efficiency  =  -rp. 

Electrical  efficiency  =  -tt?. 

Efficiency  of  conversion  =  --;. 
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Neglecting  for  the  present  the  power  taken  up  by  the 
field,  we  have,  if  C  is  the  current  flowing  through  the 
armature, 

Total  power  taken  from  mains  =  W=  C E. 

Total  power  in  the  armature 

w'  =  CE^. 

The  electrical  efficiency 

w'       C  F         F 

It  is  thus  seen  that  the  higher  the  counter  E.  M.  F.  com- 
pared with  the  line  E.  M.  F.  the  higher  will  be  the  efficiency. 
It  is  also  evident  from  formulas  601  and  602  that  if  the 
resistance  of  the  motor  armature  be  high,  the  counter 
E.  M.  F.  is  bound  to  be  considerably  below  the  line  E.  M.  F., 
thus  making  the  efficiency  low.  This  simply  means  that  a 
considerable  part  of  the  line  E.  M.  F.  is  used  up  in  over- 
coming the  resistance  instead  of  overcoming  counter 
E.  M.  F.  and  enabling  the  motor  to  do  work.  It  also  fol- 
lows that  a  low-resistance  armature  is  one  of  the  requisites 
of  a  good  motor  just  as  much  as  it  is  of  a  good  dynamo,  and 
in  general  it  will  be  found  that  anything  which  causes  low 
efficiency  in  a  dynamo  will  also  cause  low  efficiency  in 
a  motor. 


TORQUE. 

3786.  Suppose  a  current  C  to  be  sent  through  a  motor 
the  field  of  which  is  fully  excited,  and  suppose  the  armature 
be  held  from  turning.  A  strong  turning  or  twisting  effort 
will  be  exerted  on  the  armature  conductors,  but  as  they  are 
unable  to  move,  no  pow«r  is  developed.  In  such  a  case,  all 
the  E.  M.  F.  applied  by  the  mains  is  used  up  in  forcing  a 
current  through  the  armature  against  its  resistance,  and  the 
current  is  determined  by  Ohm's  law, 
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where  R^  is  the  armature  resistance.  The  watts  suppHed  are 
used  up  wholly  in  heating  the  armature  conductors.  If  the 
armature  is  allowed  to  turn,  a  counter  E.  M.  F.  is  at  once 
generated  by  the  motion  of  the  conductors  through  the  field. 
The  motor  is  now  in  a  position  to  deliver  power,  and  the 
current  which  flows  is  such  that  it  will  enable  the  motor  to 
carry  its  load  and  make  up  for  the  losses.  The  current  is 
now  determined  by  the  relation 

C,  =  ^^^.  (603.) 

where  E„  is  the  counter  E.  M.  F.  generated  at  the  load 
represented  by  C^.  The  E.  M.  F.  which  is  now  effective  in 
forcing  current  through  the  armature  is  the  difference 
between  E  and  E^,  and  C,  E„  represents  the  electrical 
energy  which  is  active  in  the  armature,  the  greater  part  of 
which  is  available  at  the  pulley. 

3787.  The  torque  exerted  by  a  motor  may  be  deter- 
mined as  follows:  The  counter  E.  M.  F.  of  the  motor  is 
determined  in  the  same  way  as  the  E.  M.  F.  of  a  dynamo, 
that  is, 

nCN 


E„  = 


10* 


where  E„  is  the  counter  E.  M.  F.  in  volts,  n  the  speed  in 
revolutions  per  second,  67  the  total  number  of  conductors  on 
the  armature,  and  N  the  total  magnetic  flux.  The  total 
torque  exerted  by  the  armature  must  be  equal  to  the  torque 
exerted  at  the  pulley  plus  the  constant  torque  required  to 
overcome  friction.  Let  P  be  the  difference  in  the  pull 
between  the  tight  and  loose  sides  of  the  belt  and  r  the 
radius  of  the  pulley.  Then  the  useful  torque  exerted  at  the 
pulley  will  be  Pr.  The  total  torque  will  be  equal  to  Pr  +  Fy 
where  F  is  the  torque  necessary  to  overcome  friction.  The 
power  IV  delivered  at  the  pulley  is  2^ wr /*=  2:r«  T,  where 
T  is  the  useful  torque.  The  total  power  developed  in  the 
armature  will  be  w'  =  2t»  T\  where  T'  =^  Pr-{-F.     If  we 
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express  r  in  feet,  P  in  pounds,  and  n  in  revolutions  per 
minute,  then  the  power  developed  in  the  armature  will  be 

If  we  neglect  the  core  losses,  we  must  have 

2  TT  «  7"'  _  ^    ^ 
"W^^  ~     '"    "" 

where  C^  is  the  current  flowing  through  the  armature; 

nCN 


but,  E^  = 


10* 


and  C^  E^  =  -^^  x  C  watts. 

If  we  express  n  in  revolutions  per  minute  instead  of  revo- 
lutions per  second  and  divide  by  746  to  reduce  to  horse- 
power, we  may  write 

27:nT'_       7iCNC^ 
33,000  ""  60  X  746  X  10*' 

This  formula  will  be  found  more  convenient  in  the  form 

N  CC 
r'  =  . 00117  ^f^'.  (605.) 

This  gives  the  total  torque  exerted  on  the  armature  in 
foot-pounds.  The  torque  exerted  at  the  pulley  would  be  less 
than  this  by  the  torque  necessary  to  overcome  friction,  and 
the  pull  at  the  rim  of  the  pulley  would  be  the  useful  torque 
in  foot-pounds  divided  by  the  radius  of  the  pulley  expressed 
in  feet.  It  will  be  noticed  that  the  speed  n  has  canceled  out 
of  the  above  expression  for  the  torque,  and  the  equation 
shows  that  the  torque  depends  upon  the  strength  of  field, 
the  number  of  conductors,  and  the  current. 

Example. — A  motor  armature  is  provided  with  250  conductors.  The 
current  supplied  to  the  armature  is  30  amperes  and  the  total  magnetic 
flux  is  3,000,000  lines.     The  pulley  is  9  in.  in  diameter  and  the  torque 
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necessary  to  overcome  friction  is  J  foot-pound,  (a)  What  will  be  the 
total  torque  exerted  on  the  armature  ?  (d)  What  will  be  the  pull 
exerted  at  the  rim  of  the  pulley  ? 

Solution. — (a)  We  have  for  the  total  torque 
3,000,000  X  250  X  30 


r  =  .00117  X 


10« 


=  26.3  foot-pounds.     Ans. 


The  useful  torque  will  be  26.3  -  .5  =  25.8  ft -lb. 
(6)    The  radius  of  the  pulley  is  4^  in.  =  t^  or  f  ft. 


Hence, 


pull  at  rim  =  ?^i^^  =  68.8  lb.     Ans. 


ARMATURB  REACTION. 


3788.     Armature  reaction  is  present  in  motors  as  in 
dynamos,    but    its   effects   are   somewhat   different.       Let 


PIO.  1412. 

Fig.  1412  represent  the  pole-pieces  and  armature  of  a  two- 
pole  motor,  and  suppose  current  to  be  sent  into  the  armature 
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so  that  it  flows,  say,  downwards  through  the  paper  in  the 
right-hand  conductors  and  upwards  in  those  on  the  left. 
We  will  suppose  for  the  present  that  the  brushes  are  directly 
on  the  neutral  line  midway  between  the  poles,  as  shown. 
The  effect  of  the  armature  currents  will  be  to  cross-mag- 
netize the  field,  as  shown  by  the  dotted  lines,  and  by  consid- 
ering the  direction  of  the  cross-magnetism  as  related  to  the 
armature  currents,  it  will  be  seen  that  the  resultant  effect  is 
to  weaken  the  pole  corners  b,  b  and  strengthen  a,  a.  It  is 
also  evident,  from  the  relation  of  the  field  and  current  in 
the  armature,  that  the  direction  of  rotation  will  be  as  shown 
by  the  arrow,  the  effect  of  the  cross-magnetization  being  to 
shift  the  field  backwards  as  regards  the  direction  of  rotation 
instead  of  forwards,  as  in  the  case  of  a  dynamo.  It  follows, 
then,  that  in  order  to  keep  the  brushes  at  the  non-sparking 
point,  they  must  be  shifted  backwards. 


Fig.  1413. 

3789.  Fig,  1413  shows  the  same  armature  with  the 
brushes  shifted  back  to  the  non-sparking  point.  The  shift- 
ing of  the  brushes  brings  into  play  the  back  ampere-turns 
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which  are  included  between  the  double  angle  of  lead.  It 
will  also  be  seen  that  these  back  ampere-turns  tend  to 
demagnetize  the  field,  as  shown  by  the  dotted  arrow  at  «,  the 
action  of  the  armature  in  this  respect  being  the  same  as  the 
action  in  a  dynamo.  It  may  also  be  noted  here  that  if  it 
were  possible  to  operate  the  motor  without  sparking,  with  a 
forward  lead  of  the  brushes,  the  back  ampere-turns  would 
tend  to  magnetize  the  field.  Small  motors  have  been  built 
to  operate  in  this  way,  but  it  is  not  possible  to  so  operate  a 
motor  of  any  considerable  size  without  sparking.  It  is 
important  that  motors  be  designed  so  that  the  shifting  of 
the  sparking  point  from  no  load  to  full  load  shall  be  small. 
This  means  that  the  field  should  be  "stiff  "  or  powerful,  and 
the  effects  of  armature  reaction  made  weak  either  by  using 
a  small  amount  of  wire  on  the  armature  or  properly  pro- 
portioning the  air-gap.  In  modern  motors  of  good  design 
the  shifting  of  the  neutral  point  is  very  slight.  Carbon 
brushes  are  used  almost  exclusively,  and  the  brushes  may  be 
left  in  the  same  position  from  no  load  to  full  load  without 
sparking. 

3790.  It  is  instructive  to  note,  in  connection  with  motor 
armature  reaction,  that  if  the  brushes  have  any  lead  forwards 
or  backwards  and  a  current  be  sent  through  the  armature 
alone,  the  field  being  unexcited,  the  armature  will  revolve 
because  the  armature  reaction  will  set  up  a  field  for  the 
armature  currents  to  react  on.  The  torque  produced  would, 
of  course,  be  very  small,  because  the  field  set  up  in  this  way 
would  be  very  weak. 

CLASSES  OF  MOTORS. 

3791.  Continuous-current  motors,  like  dynamos,  are 
generally  classed  according  to  the  methods  adopted  for 
exciting  the  field-magnets.  This  naturally  divides  motors 
into  the  following  classes: 

1.  Shunt- wound. 

2.  Series-wound. 

3.  Compound  or  differentially  wound. 
j;.  /,.    IV.— zs 
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Motors  may  also  be  operated  with  separately  excited  fields, 
but  this  is  seldom  done  in  practice.  By  far  the  larger  part 
of  the  motors  in  use  belong  to  the  first  two  classes,  the 
third  class  being  used  only  to  a  limited  extent.  Differ- 
entially-wound motors  are  used  in  some  cases  where  very 
jlose  speed  regulation  is  required,  and  motors  with  a  com- 
bination of  series  and  shunt  windings  are  used  to  some 
extent  for  the  operation  of  electric  vehicles.  Nearly  all 
motors  are  operated  on  constajit-potential  circuits,  the  voltage 
across  the  terminals  being  maintained  constant  or  nearly  so 
by  the  dynamo  supplying  the  system  and  the  current  taken 
by  the  motor  varying  with  the  load.  In  a  few  cases  motors 
are  operated  on  constant-current  arc-light  circuits,  but  their 
use  is  very  limited.  In  this  case  the  current  through  the 
motor  remains  constant,  and  the  voltage  across  its  termi- 
nals increases  with  the  load. 


SHUNT  MOTORS. 
3792.  Outside  of  railway  work,  the  shunt  motor  is  more 
largely  used  than  any  other  type  because  of  the  valuable 
speed-regulating  qualities  which  render  it  well  adapted  for 
the  operation  of  all  kinds  of  machinery.  The  shunt-wound 
motor  is  identical,  so  far  as  its  electrical  construction  is  con- 
cerned, with  the  shunt-wound  dyna- 
mo. These  motors  are  operated  on 
constant-potential  systems,  the  motor 
being  connected  directly  across  the 
mains  when  running,  as  shown  in 
Fig.  1414,  where  A  is  the  armature 
and  F  is  the  field.  If  E,  the  E.  M.  F. 
between  the  mains,  is  maintained  con- 

■^^^^^^^^^^^^^^^^■^^^^      shunt  field  will  be  constant.     The  field 

Fig-  ^414.  coils  will,  therefore,  supply  the  same 

magnetizing  force,   no  matter  what  current   the  armature 

may   be   taking   from  the  mains.       The  strength  of   field 
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would  be  practically  constant  if  there  were  no  demagneti- 
zing action  of  the  armature.  Take  the  case  where  the  motor 
is  running  free  and  the  only  load  which  the  armature  cur- 
rents have  to  overcome  is  the  friction  and  other  losses  within 
the  armature.  The  amount  of  energy  which  the  motor 
will  take  from  the  line  will  just  be  sufficient  to  counterbal- 
ance these  losses,  and  the  armature  will  run  up  to  a  speed 
such  that  the  counter  E.  M.  F.  will  allow  just  sufficient 
current  to  flow  to  supply  this  loss  of  energy.  Since  this  cur- 
rent is  very  small  in  a  good  motor,  the  counter  E.  M.  F. 
when  the  motor  is  running  light  is  very  nearly  equal  to  the 
line  E.  M.  F.,  E. 


ACTION  OF   SHUXT   MOTOR. 

3793.  When  a  load  is  applied,  the  motor  must  take 
sufficient  current  to  enable  the  armature  to  produce  a  torque 
sufficient  to  carry  the  load.  In  order  to  allow  this  current 
to  flow,  the  counter  E.  M.  F.  must  lower  slightly,  and  as  the 
field  is  nearly  constant,  this  means  a  slight  lowering  of  speed, 
because  the  counter  E.  M.  F.,  E^^  is  given  by  the  expres- 
sion 

P    _  n  CN 
"~     10"  ' 

and  C  and  N  are  practically  fixed.  At  the  same  time  it  must 
be  remembered  that  the  back  ampere-turns  will  make  N 
slightly  less  when  the  motor  is  loaded  than  when  it  is  not 
loaded,  and  this  weakening  of  the  field  tends  to  keep  the 
speed  up.  The  net  result  is,  therefore,  that  a  shunt  motor 
operated  on  a  constant-potential  circuit  falls  off  slightly  in 
speed  as  the  load  is  applied,  but  if  the  motor  is  well  designed 
and  has  a  low-resistance  armature,  the  falling  off  in  speed 
from  no  load  to  full  load  will  be  very  small.  It  is  this  speed- 
regulating  feature  which  makes  the  shunt  motor  so  widely 
used.  If  the  load  should  be  accidentally  thrown  off,  there  is 
no  tendency  to  race,  and  the  motor  automatically  adjusts 
itself  to  changes  in  load  without  materially  changing  its  speed 
and  without  the  aid  of  any  mechanical  regulating  devices. 
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SPEED   REGULATION. 

3794.  The  speed  of  a  shunt  motor  fed  from  constant- 
potential  mains  may  be  varied  either  by  cutting  down  the 
applied  E.  M.  F.,  E,  or  by  changing  the  field  strength.  For 
any  given  load  the  motor  has  to  generate  a  certain  counter 
E.  M.  F. 

nCN 
10"*  • 


E    = 


Solving  this  for  n,  we  have 


(606.) 


It  follows  from  formula  606  that  if  the  field  strength  N 
be  decreased,  the  speed  7i  will  be  increased,  the  line  E.  M.  F. 
remaining  the  same;  also,  if  the  field  be  strengthened, 
the  speed  will  be  decreased.  This  simply  means  that  with 
a  strong  field  the  motor  does  not  have  to  run  as  fast  to 
generate  a  given  counter  E.  M.  F.  as  it  would  if  the  field 
were  weak.  The  method  of  regulating  the  speed  of  a  shunt 
motor  by  varying  its  field  strength  is  sometimes  used.  It  is 
the  most  efficient  method  for  regulating  speed,  as  it  only 
necessitates  cutting  down  the  small  field  current  by  means 
of  a  resistance.  The  method  described  in  the  next  article 
is,  however,  more  generally  uged,  though  it  causes  a  much 
larger  waste  of  energy,  and  it  is  doubtful  if  it  will  not 
be  displaced  eventually  by  the  field  method.  In  using  the 
field  method  of  control,  care  must  be  taken  to  see  that  the 
weakest  field  used  will  allow  the  machine  to  operate  without 
sparking, 

3795.  The  speed  may  also  be  regulated  by  leaving  the 
field  at  its  full  strength  and  cutting  down  the  voltage  applied 
to  the  armature  by  inserting  an  adj  ustable  resistance  in  series 
with  it.  The  connections  for  this  method  of  speed  regulation 
are  shown  in  Fig.  1415,  the  adjustable  rheostat  R  being 
connected  in  series  with  the  armature  A,  and  the  field  F 
connected  directly  across  the  mains.  This  method  is  rather 
wasteful  of   energy,  but  it  is  the  one  generally  employed 
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when  it  is  desired  to  control  the  speed  of  a  shunt  machine. 
If  a  shunt  motor  be  overloaded  or  stalled  in  any  way,  the 
current  becomes  excessive,  and  the  armature  is  burned  out, 
unless  it  is  protected  by  fuses  or  other  safety  device.  Care 
should  also  be  taken  never  to  open  the  field  circuit  of  such  a 
machine  while  its  armature  is  connected  to  the  circuit.      If 
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the  field  circuit  is  opened,  the  machine  is  unable  to  generate 
any  counter  E.  M.  F. ,  and  the  consequence  is  a  large  rush  of 
current  through  the  armature,  which  is  at  least  apt  to  burn 
the  commutator,  and  if  not  interrupted  by  means  of  fuses 
will  in  a  short  time  burn  out  the  armature. 


SERIES  MOTORS. 
3796.  These  motors  are  constructed  in  the  same  way 
as  series-wound  dynamos;  that  is,  the  fields  are  excited  by 
connecting  the  field  coils  in  series  with  the  armature,  so  that 
all  the  current  which  the  motor  takes  from  the  mains  flows 
through  the  field  windings.  The  most  extensive  use  of  these 
motors  is  in  connection  with  street-railways.  They  are  also 
used  to  some  extent  for  operating  hoists,  cranes,  and  other 
machinery  of  this  class  which  requires  a  variable  speed. 
Nearly  all  series  motors,  like  shunt  motors,  are  operated  on 
constant-potential  circuits.     For  example,  the  pressure  of  a 
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street-railway  system  is  maintained  approximately  constant 
at  500  volts.  Crane  and  hoist  motors  are  usually  operated 
at  pressures  of  110,  220,  or  500  volts.  Series  motors  are 
operated  to  a  limited  extent  on  constant-current  arc-light 
circuits,  but  the  number  so  operated  is  insignificant  com- 
pared with  those  operated  on  constant-potential. 


SERIES   MOTOR   OTV   CONSTANT-POTENTIAL  CIRCUIT. 

3797.     Let  A,  Fig.  1410,  represent  the  armature  of  a 
series  motor  connected  in  series  with  the  field  F  across  the 
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mains,  as  shown.  The  pressure  between  the  mains  is  main- 
tained constant.  We  will  denote  this  constant  line  pressure 
by  E.     We  must  have,  then,  the  following  relation: 

E^E^JrCK-^CR,,  (607.) 

where  E^  is  the  counter  E.  M.  F.  of  the  motor,  C  the 
current  corresponding  to  any  given  load,  and  7?„  and  Rf  the 
resistances  of  the  armature  and  field,  respectively.  The  last 
two  terms  represent  the  drop  in  pressure  due  to  these  resist- 
ances, and  the  smaller  the  value  of  these  terms  the  greater 
is  the  efficiency  of  the  motor. 

3798.  First,  we  will  consider  the  case  where  the  motor 
is  running  light.  Under  this  condition  of  load,  the  motor 
will  take  just  enough  energy  from  the  line  to  make  up 
for  the  losses  due  to  friction,  core  losses,  etc.  As  the  arma- 
ture speeds  up,  the  counter  E.  M.  F.  increases  and  the  cur- 
rent rapidly  decreases.      Now  the  field  is  in  series  with  the 
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armature,  so  that  as  the  current  decreases  the  field  strength 
also  decreases  and  the  armature  has  to  run  still  faster  to 
generate  its  counter  E.  M.  F.,  which  at  no  load  is  just  about 
equal  to  the  E.  M.  F.  between  the  mains.  The  current 
necessary  to  supply  the  losses  is  usually  very  small  if  the 
motor  is  well  designed,  consequently  the  no-load  current  is 
very  small,  and  the  speed  necessary  to  generate  the  counter 
E.  M.  F.  becomes  excessively  high.  In  many  cases  this 
speed  might  be  high  enough  to  burst  the  armature.  On 
account  of  this  tendency  to  race,  it  is  not  safe  to  throw  the 
load  completely  off  a  series  motor  unless  there  is  some  safety 
device  for  automatically  cutting  off  the  current.  Of  course 
in  street-railway  work  there  is  always  some  load  on  the 
motors,  so  that  no  injury  from  racing  is  liable  to  result. 

3799.     When  the  motor  is  loaded,  the  counter  E.  M.  F. 

decreases  slightly,  and  this  allows  more  current  to  flow. 
This  current  strengthens  the  field,  and  a  correspondingly 
strong  torque  is  produced.  It  should  be  noted  here  that 
the  torque  of  a  series  motor  depends  directly  upon  the  current 
which  is  flowing  through  it.  This  will  be  seen  by  referring 
to  formula  605.  The  torque  is  proportional  to  A'^and  C,^; 
but  the  field  strength  in  a  series  motor  depends  upon  C^^ 
so  that  the  torque  depends  only  on  the  current.  This 
quality  renders  the  series  motor  valuable  for  street-railway 
work,  as  a  strong  starting  torque  can  be  produced  by  allow- 
ing a  heavy  current  to  flow  through  the  motor  while  the  car 
is  being  started.  Since  the  field  strength  of  a  series  motor 
increases  as  the  load  is  applied,  it  follows  that  the  speed  will 
decrease  with  the  load  and  there  will  be  a  different  speed  for 
each  load.  This  variable  speed  renders  the  series  motor 
generally  unsuitable  for  stationary  work,  such  as  operating 
machinery,  etc.,  but  is  an  advantage  for  street-railway  work 
where  a  wide  range  of  speed  is  desired.  Series  motors  are 
more  substantial  and  cheaper  to  build  than  shunt  motors, 
on  account  of  the  fine  field  winding  required  by  the  latter. 
The  field  coils  of  series  motors  consist  of  a  comparatively 
small  number  of  turns  of  heavy  wire,  making  a  coW  which  is 
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less  liable  to  burn-outs  than  the  fine  wire  shunt  coils  and 
better  fitted  to  stand  the  hard  service  connected  with  all 
street-railway  work. 

If  a  series  motor  be  connected  across  the  mains,  the  cur- 
rent which  flows  has  to  pass  through  the  field  as  well  as  the 
armature,  thus  giving  a  good  field  for  the  armature  currents 
to  react  on  and  produce  the  required  starting  torque. 
When  a  shunt  machine  is  used,  the  field  must  first  be  con- 
nected to  the  mains  and  the  current  then  allowed  to  flow 
through  the  armature.  If  this  is  not  done,  the  current  will 
all  flow  through  the  low-resistance  armature  in  preference 
to  the  high-resistance  field  when  the  motor  is  first  connected, 
and  a  very  small  starting  torque  will  be  the  result. 


SPEED   REGULATION. 

3800.     The  speed  of  a  series  motor  may  be  regulated 
either  by  varying  the  strength  of  the  field  or  by  inserting  a 
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resistance  in  series  with  the  motor.  The  field  strength  may 
be  regulated  by  having  the  field  coils  wound  in  a  number  of 
sections,  and  cutting  these  in  or  out,  thus  varying  the  effect- 
ive number  of  turns.  Another  method  is  to  shunt  the  fields 
by  an  adjustable  resistance,  thereby  varying  the  amount 
of  current  which  flows  through  the  series  coils.  Both 
these  methods  have  been  used  for  controlling  the  speed  of 
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street-car  motors.  In  the  resistance  method  of  control,  an 
adjustable  rheostat  is  connected  directly  in  series  with  the 
motor,  as  shown  in  Fig.  1417,  thus  cutting  down  the  E.  M.  F. 
across  the  motor  terminals.  This  method  has  also  been 
used  quite  largely  on  street-cars  and  also  for  crane  and  hoist 
motors. 

3801.  The  field-magnets  of  series  motors  are  some- 
times provided  with  such  a  large  number  of  turns  that  the 
field  becomes  fully  magnetized  when  the  current  flowing  is 
only  a  fraction  of  the  full-load  current  of  the  motor.  This 
gives  a  field  which  does  not  change  greatly  in  strength  for  a 
considerable  range  of  load,  and  thus  tends  to  make  the  speed 
vary  less  with  changes  in  the  load,  and  also  keeps  the  motor 
from  sparking  at  moderate  loads,  on  account  of  the  strong 
field  obtained.  Street-railway  motors  are  generally  "  over- 
wound "  in  this  way. 


SBRIBS  MOTOR  OI«  CONSTANT-CURRENT  CIRCUIT. 

3802.     It  has  already  been  mentioned  in  Arts.  3791 
and  3796  that  series  motors  are  operated  to  a  limited 


PlO.  1418. 

extent  on  constant-current  circuits.  We  will  therefore 
examine  briefly  the  action  of  the  motor  on  such  a  circuit. 
Fig.  1418  shows  a  series  motor  J/ connected  in  an  arc-light 
circuit,  the  current  in  ^7hich  is  kept  at  a  constant  value  by 
means  of  a  regulator  on  the  dynamo  D.  Since  the  current 
flowing  through  the  field  F  of  the  motor  is  constant,  the 
strength  of  field  will  be  constant  and  the  torque  will  also  be 
constant.     If  the  armature  were  allowed  to  run  free,  it  would 
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race  very  badly,  the  racing  being  worse  than  in  the  case  of 
a  series  motor  on  a  constant-potential  circuit,  because  in 
the  latter  case  the  current  in  the  field  and  armature  is 
reduced  and  the  torque  correspondingly  cut  down  as  the 
speed  increases,  whereas  in  this  case  the  current  is  kept 
constant  and  the  torque  remains  the  same.  It  is  thus  seen 
that  the  speed  of  a  series  motor  operated  in  this  way  would 
vary  widely  with  the  load,  and  such  a  motor  without  some 
regulating  device  would  be  unsuitable  for  operating  machin- 
ery. In  order  to  make  such  motors  run  at  a  nearly  con- 
stant speed  independently  of  the  load,  they  are  provided 
with  a  regulating  device  (usually  a  centrifugal  governor  of 
some  sort)  which  either  shifts  the  brushes  or  cuts  sections 


Fig.  1419. 


of  the  field  winding  in  and  out  in  such  a  way  as  to  main- 
tain a  nearly  constant  speed.  Fig.  1419  shows  a  motor 
intended  for  operation  on  a  constant-current  circuit.       In 
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this  case  the  centrifugal  governor  on  the  end  of  the  shaft 
operates  a  switch  which  alters  the  effective  number  of  turns 
on  the  field.  The  fly-wheel  is  provided  to  smooth  out  any 
fluctuations  in  speed  caused  by  the  governor  not  acting 
instantaneously. 

3803.  The  use  of  motors  on  constant-current  arc 
circuits  is  not  as  general  now  as  it  once  was.  It  is  the 
general  practice  now  to  run  special  constant-potential  lines 
for  the  operation  of  motors.  Series  motors  on  arc  circuits 
are  always  more  or  less  dangerous  on  account  of  the  high 
pressures  generated  by  arc  dynamos.  Also,  if  the  output  of 
the  motor  is  at  all  considerable,  the  pressure  across  its 
terminals  at  full  load  may  be  quite  high.  For  example,  a 
10  K.  W.  motor  operating  on  an  8-ampere  circuit  would  at 
full  load  have  a  potential  of  J-^|-fi-S^  =  1,250  volts  across  its 
terminals. 


DIFFERENTIALLY-WOUND  MOTORS. 
3804.     These  motors  are  essentially  the  same  in  con- 
struction as  the  compound-wound  dynamo,  except  that  the 

series   coils    are    con-     — - i^    — - 

nected  so  as  to  oppose  ""*  i  r~^  r- 

the  shunt  coils  instead 
of  aid  them  as  in  the 
dynamo.  The  object 
of  this  arrangement 
is  to  secure  constant 
speed  when  the  voltage 
of  the  dynamo  supply- 
ing the  motor  is  con- 
stant.    The  series  coils 

decrease     the    field  fig.  i«o. 

strength  slightly,  and  by  thus  weakening  the  field  lower  the 
counter  E.  M.  F.  sufficiently  without  the  speed  decreasing. 
These  motors  are  not  used  as  generally  now  as  they  once 
were,  because  it  is  found  that  a  well-designed  shunt-wound 
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motor  will  give  sufficiently  close  speed  regulation  for  all 
practical  purposes.  Fig.  1420  shows  the  connections  of  a 
differential  motor,  the  coils  being  intended  to  represent 
windings  in  opposite  directions,  one  right-hand,  the  other 
left-hand. 


AUXILIARY  APPARATUS. 


STARTING  RHEOSTATS. 
3805.  When  motors  are  operated  on  constant-potential 
circuits,  it  is  necessary  to  insert  a  resistance  in  series  with 
the  armature  when  starting  the  motor.  Of  course,  in  the 
case  of  a  series  motor,  this  starting  resistance  is  also  in  series 
with  the  field.  The  resistance  of  a  motor  armature  is  very 
small  in  any  type  of  motor,  and  in  the  case  of  a  series  motor 
the  field  resistance  is  also  small,  so  that  if  the  machine  were 
connected  directly  across  the  circuit  while  standing  still, 
there  would  be  an  enormous  rush  of  current,  because 
the  motor  is  generating  no  counter  E.  M.  F.  Take,  for 
example,  a  shunt  motor  of  which  the  armature  resistance  is 
.1  ohm.  If  this  armature  were  connected  across  a  110- volt 
circuit  while  the  motor  was  at  a  standstill,  the  current  which 

would  flow  momentarily  would  be  — —  =  1,100  amperes,  the 

amount  being  limited  only  by  the  resistance  of  the  armature. 
In  the  case  of  a  series  motor,  the  rush  of  current  would  not  be 
quite  as  bad,  as  the  field  winding  would  help  to  choke  the 

current  back,  but  in  either  case  it 
is  necessary  to  insert  a  resistance 
and  gradually  cut  it  out  as  the 
motor  runs  up  to  speed  and  gen- 
erates a  counter  E.  M.  F.  which 
is  able  to  regulate  the  current 
flowing. 

3806.     The  starting  rheostat, 

or  starting   box,  as  it  is  often 

called,  is  simply  a  resistance  divi- 

FiG.  1421.  ded  up  into  a  number  of  sections 
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and  connected  to  a  switch,  by  means  of  which  these  sec- 
tions can  be  cut  out  as  the  motor  comes  up  to  speed. 
When  the  motor  is  running  at  full  speed,  this  resistance 
is  completely  cut  out,  so  that  no  energy  is  lost  in  it. 
Fig.  1421  shows  a  simple  form  of  motor-starting  rheostat, 
the  resistance  wire  in  this  particular  type  being  bedded  in 
enamel  on  the  back  of  an  iron  plate,  while  the  ribs  r  on 
the  front  are  intended  to  present  additional  cooling  surface 
to  the  air.  Starting  rheostats  are  not  designed  to  carry 
current  continuously,  and  should  therefore  never  be  used 
for  regulating  the  speed  of  the  motor.  The  resistance  wire 
is  made  of  such  a  size  as  to  be  capable  of  carrying  the 
current  for  a  short  time  only,  and  if  the  current  is  left 
on  continuously  the  rheostat  will  be  burned  out.  The 
handle  //  of  the  rheostat  shown  is  provided  with  a  spiral 
spring  J,  tending  to  hold  it  against  the  stop  a,  which  makes 
it  impossible  to  leave  the  contagt  arm  on  any  of  the  inter- 
mediate points.  On  the  last  point  a  clip  c  is  placed  to 
hold  the  arm  of  the  rheostat. 


SHUNT-MOTOR  CONNECTIONS. 

3807.  The  method  of  connecting  up  a  shunt  motor  to 
constant-potential  mains  is  shown  in  Fig.  1422.  The  lines 
leading  to  the  motor  are  connected  to  the  mains  through  a 
fuse  block  Z>,  from  which  they  are  led  to  a  double-pole  knife 
switch  B.  One  end  of  the  shunt  field  F'\s  connected  to  ter- 
minal 1  of  the  motor,  and  one  brush  is  also  connected  to  the 
same  terminal.  The  other  field  terminal  is  connected  to 
the  motor  terminal  ^,  and  the  other  brush  leads  to  the  third 
terminal  3.  One  side  of  the  main  switch  connects  to  ter- 
minal 1  ;  the  other  side  connects  to  3  through  the  starting 
rheostat  C.  Terminal  2  connects  to  the  same  side  of  the 
switch  as  the  starting  rheostat.  It  will  be  seen  from  the 
figure  that  as  soon  as  the  main  switch  is  closed,  current  will 
flow  through  the  field  /%  and  thus  magnetize  it  before  any 
current  flows  through  the  armature  A  (the  first  contact  on 
the  rheostat  being  a  dead  point).     When  the  rheostat  arm 
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is  moved  over,  current  flows  through  the  armature,  and  a 
strong  starting  effort  is  produced,  because  the  field  is  already 

Main 
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Fig.  1422. 


magnetized.     The  handle  is  then  moved  over  slowly  and  left 
on  the  last  point  when  the  motor  has  attained  its  full  speed. 


SERIES-MOTOR    CONNECTIONS. 

3808.  The  connections  for  a  series  motor  are  shown 
in  Fig.  1423.  Connection  is  made  to  the  mains  through  a 
switch  and  fuse  block   as   before.     The    motor   connections 
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are  somewhat  simpler  than  in  the  last  case,  one  terminal  of 
the  armature  A  being  connected  at  a  to  one  terminal  of  the 
field,  c  and  d  forming  the  two  terminals  of  the  motor. 
The  starting  rheostat  C  is  simply  connected  in  series  with 
the  armature,  as  shown.  When  a  current  flows  through  the 
armature,  the  same  current  also  flows  through  the  field,  so 
that  there  is  always  a   magnetic   field  present  to  produce 


Jtatn 


Pig.  i«es. 

the  required  starting  torque.  On  account  of  the  field 
winding  acting  to  a  certain  extent  like  a  starting  resistance, 
series  motors  do  not  require  as  large  an  amount  of  resist- 
ance in  the  starting  rheostat  as  shunt  motors.  This  fea- 
ture is  of  value  in  street-railway  work,  as  it  permits  the  use 
of  a  less  bulky  starting  resistance  than  would  otherwise  be 
required. 
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AUTOMATIC  STVITCHES. 
3809.  When  the  simple  form  of  starting  box  is  used,  it 
is  necessary  to  see  that  the  handle  is  moved  back  to  the  off 
position  every  time  the  motor  is  shut  down  or  the  current 
cut  off  in  any  way.  If  this  is  not  done,  and  the  switch  is 
thrown  in,  on  starting  up  again,  with  the  resistance  all  out 
of  the  circuit,  there  will  result  a  heavy  rush  of  current. 
In  order  to  obviate  this,  motors  are  now  usually  provided 
with  automatic  boxes,  the  switch-lever  of  which  automat- 
ically flies  back  to  the  off  position  when  the  current  is  shut 


F 

Fig.  1424. 

off.  They  are  also  generally  provided  with  an  arrangement 
for  throwing  the  switch-lever  back,  and  thus  breaking  the 
circuit,  when  the  motor  is  overloaded.  Fig.  1424  shows  the 
arrangement  of  an  automatic  box  of  this  type,  made  by  the 
General  Electric  Co.,  which  will  serve  to  illustrate  the  action 
of  most  of  these  automatic  starting  rheostats.  The  resistance 
is  connected  between  the  contact  points,  as  shown,  the  arm 
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being  shown  in  the  running  position  with  the  resistance  all 
cut  out.  The  contact  arm  is  moved  over  against  the 
action  of  a  spiral  spring  in  the  hub  and  is  held  in  position 
by  a  catch  a,  which  fits  into  a  notch  in  the  hub  of  the 
lever  b.  This  lever  carries  an  armature  c,  which  is  held 
down  against  the  action  of  a  spring  by  the  magnet  m.  The 
exciting  coil  of  this  magnet,  in  the  case  of  a  shunt  machine,  is 
connected  in  series  with  the  field  ;  in  the  case  of  a  series 
machine,  it  is  wound  with  heavy  wire  and  connected  in 
series  with  the  motor.  If  the  current  is  cut  off  in  any  way, 
the  magnet  releases  the  armature  and  the  switch-lever  flies 
back  to  the  off  position. 

38 lO.  Fig.  1424  shows  a  device  for  protecting  the  motor 
against  overloads.  It  consists  of  an  electromagnet,  the  coil 
of  which  is  connected  in  series  with  the  armature  A.  This 
magnet  is  provided  with  a  movable  armature^^,  the  distance 
of  which  from  the  pole  h  may  be  adjusted  by  the  screw  k. 
When  the  current  exceeds  the  allowable  amount,  the  arma- 
ture is  lifted,  thus  making  connection  between  the  pins  /. 
This  connection  short-circuits  the  coil  of  the  magnet  m  and 
the  lever  goes  to  the  off  position. 


SERIES-MOTOR  CONNECTIONS. 

(CONSTANT-CURRENT    CIRCUITS.) 

381 1 .  No  starting  rheostat  is  required  for  series  motors 
operated  on  Qonstant-current  circuits,  because  the  current 
can  never  exceed  that  furnished  by  the  dynamo.  Fig.  1425 
shows  the  connections  for  such  a  motor.  Two  switches 
A  and  B  should  be  used.  Switch  A  is  placed  outside  the 
building,  to  cut  off  the  current  in  case  of  fire,  etc.  Switch  B 
is  used  for  starting  and  stopping  the  motor.  Both  these 
switches  should  be  of  the  quick-break  variety,  similar  to 
those  used  for  cutting  out  sections  of  arc-light  circuits. 
These  switches  must  be  so  arranged  as  to  cut  out  the  motor 
by  short-circuiting  it  and  not  by  opening  the  circuit;  that 
M.  E.    IV.— 29 
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is,  the  motor  is  cut  in  and  out  in  the  same  way  as  an  arc 
lamp. 

Une Line 


Fig.  1425. 

REGULATING    RHEOSTATS. 

381 2.  Rheostats  used  for  regulating  the  speed  by  being 
placed  in  the  armature  circuit  must  be  designed  to  carry  the 
current  continuously  without  overheating.  These  rheostats 
have,  therefore,  to  be  made  much  larger  than  starting  boxes, 
which  carry  the  current  for  a  short  time  only.  Such  rheo- 
stats were  used  largely  at  one  time  for  the  control  of  street- 
cars, but  have  now  been  displaced,  owing  to  the  adoption  of 
more  economical  methods.  All  regulating  rheostats,  start- 
ing boxes,  etc.,  should  be  installed  in  connection  with  motors 
in  accordance  with  the  rules  of  the  Board  of  Fire  Under- 
writers. This  also  applies  to  the  size  of  wire  which  should 
be  used  for  connecting  up  the  motors  and  the  installation  of 
the  motors  themselves. 


METHODS  OF  REVERSING  MOTORS. 

3813.     It  is  necessary  for  some  kinds  of  work  to  have  a 

motor  so  arranged  that  its  direction  of  rotation  may  De 

readily  reversed.     This  is  especially  the  case  with  street-car 

ijiotors,  motors  for  electric  vehicles,  etc     If   the   student 
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will  refer  to  Figs.  1408,  1409,  and  1410,  he  will  readily  see 
that  if  the  direction  of  the  current  in  the  wire  a  be  reversed 
while  the  field  is  left  unchanged,  the  direction  of  motion  will 
be  reversed.  Also,  if  the  direction  of  the  current  in  the  wire 
is  left  unchanged  and  the  field  reversed,  the  direction  of 
motion  will  be  reversed.  If  both  current  and  field  be 
changed,  the  direction  of  motion  will  remain  unchanged.  It 
follows,  therefore,  that  if  we  wish  to  change  the  direction  of 
rotation  of  a  given  motor,  we  must  change  either  the  direc- 
tion of  the  current  through  the  armature  and  leave  the  field 
the  same,  or  change  the  direction  of  the  current  through  the 
field  and  leave  the  armature  current  the  same.  If  both  are 
changed  at  the  same  time,  the  direction  of  rotation  will  not 
be  altered. 


3814.  A  shunt  niotor  may  be  easily  reversed  by  revers- 
ing its  field  connections.  Suppose  a  shunt  motor  to  be  con- 
nected up  as  shown  in  Fig.  1426, 
and  that  it  runs  in  the  direction 
indicated  by  the  arrow.  The  line  is 
connected  to  terminals  1  and  3  and 
the  field  to  terminals  1  and  ^  when 
the  motor  is  in  operation  and  the  | 
starting  resistance  cut  out.  Ter- 
minal 2  is  connected  to  the  other 
main,  as  shown  in  Fig.  1422.  It  is 
evident  that  reversing  the  line  termi- 
nals 1  and  3  will  not  reverse  the 
motor,  because  the  current  would  be 
reversed  in  both  armature  and  field. 
If,  however,  the  field  connections  to 
1  and  2  are  interchanged,  the  current 
will  be  reversed  through  the  field, 
while  it  will  remain  unchanged  in 
the  armature  and  the  direction  of 
rotation  will  be  reversed.  It  is  also  evident  that  if  the  arma- 
ture terminals  1  and  S  be  reversed  while  the  field  terminals 
are  left  attached  to  1  and  ~,  the  direction  of  rotation  will  be 
reversed. 


Kmom^^mo 
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3815.  A  series  motor  will  run  in  the  same  direction,  no 
matter  which  of  the  supply  lines  is  connected  to  its  terminals 

a,  b,  Fig.  1427.  In  fact,  small 
series  motors  may,  if  constructed 
properly  and  provided  with  lami- 
nated fields,  be  run  on  an  alter- 
nating-current circuit.  Revers- 
ing the  line  connections  simply 
reverses  the  current  through 
both  armature  and  field,  and  does 
not,  therefore,  change  the  direction  of  rotation.  In  order 
to  reverse  the  motor,  either  the  armature  terminals  r,  ^must 
be  interchanged,  so  as  to  reverse  the  current  through  the 
armature,  or  the  terminals  d,  b  must  be  interchanged,  so  as 
to  reverse  the  current  through  the  field.  In  street-railway 
work  the  motors  are  usually  reversed  by  reversing  the  cur- 
rent through  the  armature,  the  current  through  the  field 
remaining  unaltered.  These  changes  are  made  by  means  of 
the  reversing  switch  placed  in  the  car  controller.  All  motors 
which  are  reversed  during  their  operation  should  be  pro- 
vided with  radial  carbon  brushes. 

When  it  is  desired  to  reverse  a  motor  while  it  is  running, 
it  is  very  necessary  to  insert  a  resistance  in  the  armature 
circuit  before  reversing  the  current  through  the  armature. 
It  must  be  remembered  that  the  counter  E.  M.  F.  which  the 
motor  was  generating  just  before  reversal  becomes  an  active 
E.  M.  F,  and  helps  to  make  the  current  flow  through  the 
armature  as  soon  as  the  current  is  reversed,  and  this  action 
continues  until  the  motor  starts  to  turn  in  the  opposite 
direction.  If,  for  example,  a  110- volt  motor  were  reversed 
while  running,  without  inserting  any  resistance,  the  effect 
would  be  the  same  as  if  the  motor  armature  were  connected 
directly  across  220-volt  mains,  because  the  whole  E.  M.  F. 
which  the  motor  was  previously  generating  would  be  effect- 
ive in  aiding  the  line  E.  M.  F.  It  is  best,  therefore,  when 
possible,  to  let  the  motor  drop  considerably  in  speed,  or  even 
come  to  a  standstill,  before  reversing  it,  and  where  this  can 
not  be  done  considerable  resistance  should  be  inserted,  or  g. 
1)^4  short  circuit  may  result- 
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DESIGN  OF  COXTINUOUS-CURRENT 

MOTORS. 
3816.  Since  continuous-current  motors  are  constructed 
in  the  same  way  as  continuous-current  dynamos,  and  the 
same  requirements  for  high  efficiency  apply  to  both,  it  fol- 
lows that  the  machine  which  makes  a  good  dynamo  will,  in 
general,  operate  well  as  a  motor.  At  one  time  the  idea  pre- 
vailed that  a  motor  in  order  to  operate  well  should  be 
designed  differently  from  a  dynamo,  but  it  may  be  taken 
as  a  general  rule  that  if  the  machine  runs  efficiently  as  a 
dynamo,  giving  a  nearly  constant  voltage  when  driven  at 
constant  speed,  it  will  run  efficiently  as  a  motor,  and  give  a 
nearly  constant  speed  when  supplied  with  a  constant  voltage. 
On  the  other  hand,  some  machines  which  will  operate  fairly 
well  as  motors  will  not  operate  well  as  dynamos.  For  exam- 
ple, some  small  shunt  and  series  motors  will  not  operate  when 
driven  as  dynamos,  because  they  are  not  capable  of  exciting 
their  fields;  whereas,  when  they  are  run  as  motors  their 
fields  are  excited  by  current  from  the  mains,  and  they  are 
therefore  capable  of  operation.  In  designing  continuous- 
current  motors,  therefore,  we  may  determine  what  the  out- 
put of  the  motor  would  be  if  run  at  the  required  speed  as  a 
dynamo,  and  then  design  the  motor  as  if  it  were  a  dynamo, 
making  use  of  the  various  rules  already  given  in  connection 
with  continuous-current  dynamo  design.  All  the  principles 
which  have  been  laid  down  with  regard  to  armature  reaction, 
length  of  air-gap,  calculation  of  field  winding,  etc.,  apply  to 
motors  as  well  as  dynamos. 


DETERMINATION  OF  OUTPUT. 
3817.  Suppose  a  given  machine  be  run  as  a  dynamo: 
the  total  electrical  power  developed  in  the  armature  will  be 
equal  to  the  power  delivered  at  the  terminals  plus  the  loss 
due  to  armature  resistance,  and  the  loss  in  the  field  or  the 
power  delivered  will  be  the  total  power  developed  in  the 
armature  multiplied  by  the  electrical  efficiency.     When  the 
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machine  is  operated  as  a  motor,  the  total  electrical  energy 
developed  in  the  armature  will  be  the  total  electrical  energy 
supplied  from  the  mains  less  the  loss  due  to  field  and  arma- 
ture resistances,  or  it  will  be  the  total  energy  supplied  mul- 
tiplied by  the  electrical  efficiency  of  the  motor.  If  it„j  is 
the  counter  E.  M.  F.  of  the  motor,  C  the  current  flowing 
through  the  armature,  and  E  the  E.  M.  F.  between  the 
mains,  we  have  for  a  series  motor 

Total  energy  supplied  from  mains  —  C E,  (608.) 

because  in  the  case  of  a  series  motor  the  current  in  both 
armature  and  field  is  C,     Also 

Energy  developed  in  armature  =  C E„^,  (609.) 

and 

Electrical  efficiency  =  =j^  =  -^'.  (61 0.) 

For  a  shunt  motor,  we  have 

Total  energy  supplied  =  C E  -}- c  E,  (611.) 

where  c  is  the  current  through  the  shunt  field,  and 

Energy  developed  =  C  E^. 

C  E 
Electrical  efficiency  =  p  <(- 2.    V  (612.) 

381 8.  In  the  case  of  a  dynamo,  the  total  electrical  energy 
developed  in  the  armature  is  less  than  the  total  energy  sup- 
plied at  the  pulley  by  the  amount  of  the  losses  due  to  fric- 
tion, hysteresis,  and  eddy  currents;  that  is,  the  total  electri- 
cal energy  generated  is  the  total  mechanical  power  supplied 
multiplied  by  the  efficiency  of  conversion  of  the  dynamo. 
In  a  motor  the  useful  output  at  the  pulley  is  equal  to  the 
total  electrical  energy  in  the  armature  less  the  above  losses, 
or  is  the  total  electrical  energy  generated  multiplied  by  the 
efficiency  of  conversion  of  the  motor, 

3819.  From  the  above  relations,  it  will  be  seen  that  if 
we  know  approximately  the  values  of  these  efficiencies  for 
the  size  of  motor  which  we  wish  to  design,  we  can  calculate 
what  the  output  of  the  motor  would  be  if  run  as  a  dynamo, 
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and  then  proceed  to  design  it  as  if  it  were  a  dynamo. 
Fig.  1428  shows  the  approximate  values  of  those  efficiencies 
for  motors  up  to  150  horsepower.  The  upper  curve  A  gives 
the  electrical  efficiency  at  full  load,  that  is,  the  ratio  of  elec- 
trical energy  developed  in  motor  armature  to  input,  and  the 


Fig.  1428. 
lower  curve  B  gives  the  efficiency  of  conversion  or  the  ratio 
of  power  developed  at  pulley  to  electrical  energy  developed 
in  armature.  The  product  of  these  two  efficiencies  gives 
the  commercial  efficiency  or  ratio  of  useful  work  delivered 
at  the  pulley  to  the  total  energy  supplied  from  the  mains. 


DESIGN  OF    lO  H.  P.  SHLTNT  MOTOR. 

3820.  We  will  suppose,  for  e.xample,  that  it  is  desired  to 
design  a  10  H.  P.  shunt  motor  to  operate  on  a  220-volt 
circuit  and  to  run  at  a  speed  of  1,000  R.  P.  M,  at  full  load. 
The  field  takes  3,^  of  the  total  electrical  input.  It  is 
required  to  find  the  current  capacity  of  the  armature  of  the 
corresponding  dynamo,  and  also  the  voltage  which  it  must 
generate  when  run  at  the  above  speed,  so  that  we  may  pro- 
ceed to  design  the  motor  as  if   it  were  a  dynamo.      The 
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efficiency  of  conversion  of  a  machine  of  this  size  is,  accord- 
ing to  Fig.  1428,  about  .88,  and  the  electrical  efficiency  is 
about  .89.      In  order,  then,  to  get  a  useful  output  of  10  H.  P. 

10  X  746 

the  input  must  be  — —  =  9,525  watts.     The  line  pres- 

. 88  X . 89 

sure  is  220  volts;  hence,  the  total  current  taken  at  full  load 

9  525 
is    '         =43.3  amperes,  nearly.     Of  this  current  input  3^, 

or  about  1.3  amperes,  flows  around  the  field,  so  that  the 
armature  current  at  full  load  would  be  about  42  amperes. 

The  total  electrical  energy  in  the  armature  is  = 

.  88 

8,477  watts;  hence,  the  voltage  generated  in  the  armature 

8  477 
must  be    \^     =  201.8  volts.     In  order,  therefore,  to  obtain 
42 

a  motor  which  will    deliver   10  H.  P.,    we    must    design   a 

dynamo   of    which   the    armature    has   a   current-carrying 

capacity  of  42  amperes  and  which  will  generate  202  volts, 

nearly,  when  run  at  a  speed  of  1,000  R.  P.  M.     When  this 

machine  is  run  as  a   motor,  the  speed  at  no    load  will  be 

slightly  over  1,000  R.  P.  M.,  because  the  counter  E.  M.  F. 

generated  will  then  be   nearly  220  volts.      The  shunt  field 

would  be  designed  for  a  current  of  1.3  amperes,  and  the 

winding  would  be  calculated  in  the  same  way  as  the  shunt 

winding  for  a  dynamo,  except  that  no  allowance  would  be 

made  for  a  field  rheostat,  the  winding  being  designed  for 

connection  directly  to  the  220-volt  mains. 


3S21.  The  output  of  the  dynamo  corresponding  to  a 
series  motor  is  determined  in  much  the  same  way  as  that 
for  a  shunt  motor,  formulas  608,  609,  and  61 0  being 
used.  Of  course  in  a  series  motor  the  field  winding  must  be 
capable  of  carrying  the  full-load  current,  but  the  efficiency, 
etc.,  for  the  two  types  of  motor  of  the  same  output  should 
be  about  the  same.  The  curves  shown  in  Fig.  1428  may 
therefore  be  used  in  connection  with  series-motor  calcula- 
tions. 
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DESIGN  OF  lO  H.   P.   SERIES   MOTOR. 

3822.  Suppose  it  were  desired  to  design  a  10  H.  P.  series 

motor  to  operate  on  220- volt  constant-potential  mains.     We 

will  take  the  loss  in  the  field  as  3^  as  before,  and  calculate 

the   current    and    voltage    output    of    the    corresponding 

dynamo  accordingly.     The  efficiencies  will  be  the  same  as 

before,  that  is,  electrical  efficiency  =  .89  and  efficiency  of 

conversion  =  .88.     The  total  input  will  be  9,525  watts,  or 

43.3  amperes.      In  this  case,  however,  the  armature  must  be 

designed  for  43. 3  amperes  instead  of  42  as  before.    The  total 

electrical  energy  in  the  armature  will  be  8, 477  watts,  as  in  the 

8  477 
last  case,  and  the  counter  E.M.F.  will  be    '    „  =  195.8.     The 

43.0 

dynamo  must  therefore  have  an  armature  wound  to  deliver 

43.3  amperes  at  195.8  volts.     The  voltage  generated  by  the 

armature  is  less  in  this  case  than  with  the  shunt  motor, 

because  a  portion  of  the  line  E.M.F.,  E,  is  used  up  in  forcing 

the  current  through  the  field  coil.     The  speed  of  the  motor 

would   vary  with  the   load,   since  the   field   magnetization 

varies  with  the  load.      The  drop  through  the  field  at  full 

load  would  be  220  X  .03  =  6.6  volts. 

3823.  It  is  specially  important,  in  connection  with  the 
electrical  side  of  motor  design,  to  see  that  the  field  is  very 
strong  compared  with  the  armature,  in  order  to  minimize 
the  shifting  of  the  brushes  with  the  load.  This  is  specially 
necessary  in  the  case  of  motors,  because  they  are  liable  to 
run  under  large  and  sudden  fluctuations  in  load,  and  in  many 
cases  are  frequently  reversed,  thus  rendering  a  fixed  point 
of  commutation  extremely  necessary. 


MECHANICAL  DESIGN. 


STATIONARY  MOTORS. 

3824.     The   general   mechanical   design   of  stationary 
motors  is  much  the  same  as  that  of  stationary  dynamos;  in 
fact,  in  many  cases  the  same  castings,  armature  disks,  etc. 
are  used  for  both.     Both  series  and  shunt  motors  are  built 
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the  same  way,  the  only  difference  being  in  the  field  wind- 
ing. The  parts  of  a  motor  should  be  made  as  simple  as 
possible,  since  motors  do  not  generally  get  the  same  amount 
of  care  as  dynamos.  Carbon  brushes  are  used  almost  exclu- 
sively, as  they  tend  to  keep  down  sparking  with  changes  in 
the  load. 

3825.  It  is  becoming  customary  to  design  stationary 
motors  so  that  they  are  enclosed  as  much  as  possible,  in 
some  cases  even  the  commutator  and  brushes  being  cov- 
ered. This  style  of  construction  is  advantageous  where  the 
motor  is  operated  in  places  where  it  is  exposed  to  flying 
particles.  It  should  be  remembered,  however,  that  the  more 
a  motor  is  enclosed  the  more  liable  it  is  to  run  hot,  because 
the  heat  losses  are  not  so  easily  radiated.  Due  regard  to 
the  heating  effect  should  therefore  be  given  when  designing 
motors  of  the  iron-clad  type. 

3826.  The  details  of  the  bed,  bearings,  field  frame, 
armature,  etc.,  for  stationary  motors  are  the  same  as  those 
which  already  have  been  given  for  dynamos  in  the  section 
on  Dynamo  Design,  so  that  these  do  not  need  to  be  men- 
tioned further.  

STREET-RAILW^AY    MOTORS. 

3827.  The  design  of  street-railway  motors  must,  from 
the  nature  of  the  work  which  they  have  to  do,  be  consider- 
ably different  from  that  of  stationary  motors.  The  differ- 
ences are,  however,  more  in  the  mechanical  construction 
than  in  the  electrical  part.  As  mentioned  previously,  all 
these  motors  are  series-wound,  because  this  type  of  winding 
allows  a  large  starting  torque  and  a  variable  speed,  besides 
being  cheap  compared  with  the  fine  shunt  winding. 

3828.  The  general  dimengions  of  such  motors  must  be 
adapted  to  the  space  which  they  occupy  under  the  car.  This 
space  is  limited  by  the  gauge  of  the  track  and  the  diameter 
of  the  car-wheels.  The  designer  is  therefore  considerably 
restricted  as  to  the  shape  which  he  can  give  such  a  motor. 
The  lowest  point  of  the  motor  should  not  be  less  than  3^  or 
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4  inches  above  the  surface  of  the  rail ;  otherwise,  there  will 
be  danger  of  the  motor  striking  stones  which  may  be 
lying  on  the  track.  These  motors  must  also  be  water  and 
dust  proof,  conditions  which  are  accomplished  in  practice 
by  using  the  iron-clad  construction  and  making  the  field 
frame  of  such  form  as  to  completely  enclose  the  motor. 

3829.     Fig.  1429  shows  a  Westinghouse  motor  of  mod- 
ern type,  which  will  give  an  idea  as  to  the  arrangement  of 


Fig.  1429. 

the  parts.  Fig.  1430  shows  the  same  motor  with  the  lower 
half  of  the  field  swung  down  to  allow  access  to  the  armature. 
The  field  yoke  is  made  in  halves,  and  each  half  is  provided 
with  two  salient  pole-pieces  /*,  /'projecting radially  inwards. 
Nearly  all  modern  railway  motors  are  of  the  four-pole  type, 
and  it  will  be  noticed  that  the  field  of  the  motor  shown  is 
really  only  a  modification  of  the  circular  type  with  radial 
poles.  The  car-axle  passes  through  the  bearings  A,  A, 
and  the  other  side  of  the  motor  is  supported  by  the  nose 
casting  iV,  Fig.  1429,  which  is  supported  on  springy  rest- 
ing on  the  truck.  The  two  brushes  are  connected  to  the 
cables  (/,  d' .     The  field  terminals  are  shown  at  e,  e'. 

383<).     Cast  steel  is  now  used  altogether  for  the  field 

castings  of  these  motors.  The  use  of  this  metal  instead  of 
cast   iron    has   largely   reduced    the   weight  of   the   motors 
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compared  with  the  output.  This  metal  is  practically  as  good 
as  wrought  iron  as  regards  its  magnetic  qualities,  thus  allow- 
ing the  field  castings  to  be  made  quite  thin  (see  Fig,  1430), 
and  yet  have  a  sufficient  cross-section  of  metal  to  carry  the 


Fig.  1430. 

magnetic  flux.  The  steel  is  also  strong  mechanically,  and  is 
well  able  to  stand  the  hard  knocks  to  which  a  street-railway 
motor  is  subjected.  The  series  coils  are  provided  with  a 
sufficient  number  of  turns  to  set  up  a  strong  field,  even  when 
the  motor  is  only  partially  loaded.  The  field  coils  are  wound 
on  forms,  and  are  afterwards  held  in  place  by  a  heavy  taping. 
They  are  very  thoroughly  insulated  and  treated  with  insula- 
ting varnish  and  paint  to  make  them  waterproof.  The 
pole-pieces  are  necessarily  very  short,  owing  to  the  limited 
dimensions  of  the  motor.  The  coils  are  held  in  place  on  the 
motor  shown  by  the  plates  R,  which  are  drawn  up  by  the 
bolts  vS",  the  field  coils  themselves  being  short  and  flat. 

3831.  The  bearings  for  these  motors  usually  consist  of 
sleeves  of  cast  iron  or  brass,  the  former  always  being  lined 
with  babbitt  metal.     These  bearing  sleeves  are  usually  made 
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in  halves,  though  the  armature  bearings  are  sometimes 
made  solid.  These  shells  are  held  from  turning  by  means 
of  pins/,  Fig.  1430,  in  the  main  casting.  The  bearing  sleeves 
do  not  project  inside  the  motor  casing,  the  object  being  to 
keep  out  grease  as  much  as  possible.  Grease  is  used  as  a 
lubricant,  and  is  held  in  the  large  grease-cups  /",  f.  The 
cover  Cy  Fig.  1429,  is  removed  when  it  is  desired  to  inspect 
the  brushes  or  commutator. 


RAILWAY-MOTOR  ARMATURES. 
3832.  The  armatures  used  for  all  modern  railway 
motors  are  of  the  toothed  type.  The  coils  are  form-wound, 
and  are  usually  arranged  in  two  layers,  in  order  to  permit 
the  use  of  a  fairly  large  number  of  coils  with  a  small  num- 
ber of  slots,  and  also  to  allow  an  easy  arrangement  of  the  end 
connections.  Straight  slots  are  generally  used,  the  coils 
being  held  in  place  by  band  wires,  as  in  Fig.  1431,  which 
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shows  the  armature  for  the  motor  shown  in  Figs.  1429  and 
1430.  It  will  be  noticed  that  the  general  design  of  this 
armature  is  much  the  same  .as  that  for  any  continuous- 
current  motor  of  the  multipolar  type.  The  commutator  is 
usually  of  very  substantial  construction,  as  it  is  generally 
subjected  to  a  good  deal  of  hard  usage.  Shields  j,  s  are 
provided  to  keep  grease  from  working  its  way  along  the 
shaft  to  the  interior  of  the  motor.  The  pinion  end  of  the 
shaft/  is  tapered  so  that  the  pinion  may  be  readily  removed 
when  worn  out. 
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3833.  Railway-motor  armatures  can  not  be  made  of 
very  large  diameter,  on  account  of  the  limited  space  in 
which  the  motor  must  be  placed.  Such  armatures  are  there- 
fore usually  longer,  compared  with  their  diameter,  than 
those  of  multipolar  stationary  motors  of  corresponding  out- 
put. Street-railway  motor  armatures  are  nearly  always  pro- 
vided with  a  two-path  or  series-drum  winding,  as  this  type 
of  winding  requires  only  two  sets  of  brushes  for  a  multipolar 
machine,  thus  doing  away  with  the  necessity  of  brushes  on 
the  under  side  of  the  commutator,  where  they  would  be  hard 
to  get  at.  The  two-path  winding  also  has  the  advantage 
that  it  gives  no  trouble  in  case  the  field  becomes  unbalanced. 
An  unbalanced  field  may  be  caused  by  the  bearings  wearing 
down,  thus  causing  the  armature  to  come  nearer  the  lower 
poles.  If  a  multiple-circuit  winding  were  used,  the  uneven 
field  caused  by  the  above  might  give  rise  to  local  currents  in 
the  armature,  which  would  cause  heating.  In  some  cases  the 
center  of  the  armature  bearings  is  raised  slightly  above  the 
center  of  the  field  bore,  thus  making  the  field  pull  up  on 
the  armature  and  lessening  the  weight  on  the  bearings,  as 
well  as  allowing  for  wear,  and  keeping  the  armature  as  a 
whole  more  nearly  in  the  center  of  the  field  as  the  bearings 
wear  down. 

GBARS    AND    PINIONS. 

3834.  Ordinary  street-railway  motors  usually  range 
from  25  to  50  H.  P.  capacity.  It  has  not  been  found  prac- 
ticable to  build  efficient  motors  of  this  size  which  will  run 
slow  enough  to  admit  of  direct  connection  to  the  axle.  In 
order  to  allow  a  higher  armature  speed,  gearing  must  be  used, 
most  equipments  being  geared  so  that  the  armature  runs 
from  four  to  five  times  as  fast  as  the  axle.  This  gearing  is 
completely  enclosed  in  a  malleable  iron  or  steel  housing  and 
runs  in  grease  or  oil.  Such  gearing,  if  properly  cut,  runs  with 
very  little  noise  and  causes  but  small  loss  of  power.  The 
pinion  on  the  motor  axle  is  usually  made  of  tool  steel,  in 
order  to  give  it  good  wearing  qualities.  The  axle  gear  is 
sometimes  made  of  cast  iron,  but  the  best  gears  are  made  of 
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cast  steel.  All  gears  should  have  the  teeth  cut  from  the 
solid  blank.  The  teeth  are  usually  3  diametral  pitch  on 
motors  of  ordinary  size,  the  exact  number  of  teeth  in  each 
gear  depending  upon  the  ratio  of  speed  reduction  desired. 
Common  values  are  13  or  14  teeth  for  the  pinion  and  65  or 
67  teeth  for  the  axle  gear.  The  face  of  the  gears  may  be 
from  4  to  5^  inches,  depending  upon  the  output  of  the 
motor,  and  the  axle  gear  must  be  made  in  halves,  so  as  to  be 
easily  attached  to  the  axle.  The  pinion  is  solid,  being 
made  out  of  a  forged  tool  steel  blank  ;  it  is  bored  out  on  a 
taper  to  match  the  shaft  and  is  keyed  firmly  to  it. 

3835.  In  conclusion,  it  may  be  stated  with  regard  to 
street-railway  motors  that  their  construction  should  be  the 
best  possible  in  every  respect.  High  finish  is  not  necessary, 
but  the  mechanical  and  electrical  workmanship  must  be  of 
a  high  grade,  because  these  motors  are  called  upon  to  do 
harder  work  and  to  stand  more  mechanical  shocks  than  any 
other  type. 


THEORY  OF  ALTERNATING- 
CURRENT  APPARATUS. 


THEORY  OF  ALTERNATING  CURRENTS. 

3836.  In  studying  the  applications  of  electricity,  there 
are  in  general  two  distinct  classes  of  electric  currents  to  deal 
with,  namely,  direct  nirrents  and  alternating  currents.  Most 
of  the  practical  applications  of  electricity  were  formerly 
carried  out  by  means  of  the  direct  current ;  but  during  recent 
years  the  alternating  current  has  come  extensively  into  use, 

3837.  The  apparatus  used  in  connection  with  alterna- 
ting-current installations  is  in  general  different  from  that 
which  has  been  previously  described  as  used  in  connection 
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with  direct-current  outfits,  and  needs  to  be  considered  sep- 
arately. Moreover,  on  account  of  the  nature  of  alternating 
currents,  they  do  not  flow  in  accordance  with  the  simple 
laws  which  govern  the  flow  of  direct  currents. 

v.;  'pyright,  see  paijo  immediately  foUowinji  the  titlf  !>.iK'e. 
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THEORY  OF  ALTERNATING 


3838.  In  continuous-current  circuits  the  current  flows 
uniformly  in  one  direction;  in  other  words,  as  time  elapses 
the  value  of  the  current  does  not  change.  This  condition 
might  be  represented  graphically  as  shown  in  Fig.  1432. 
Time  is  measured  along  the  horizontal  line  Oa^  and  as 
the  current  remains  at  the  same  value,  it  might  be  repre- 
sented by  the  heavy  line  b  c\  the  height  of  this  line  rt^fj^*^  the 
horizontal  would  indicate  the  value  of  the  current,  i.  e.,  -|-  25 
amperes.  A  current  of  —35  amperes,  which  would  be  flow- 
ing in  the  opposite  direction,  would  be  represented  by  the 
heavy  line  d  e  beloiv  the  horizontal. 

3839.  In  the  case  of  alternating  currents  the  direction 
of  the  flow  is  continually  changing.  This  may  also  be  shown 
graphically  as  in  Fig.  1433.     In  this  case  a  current  of  25 


+  *. 


a. 


-1  Sec, 


J* 


■1   Sec- 


a,  Time 


ff   9^ 


Fig.  1433. 

amperes  flows  for  an  interval  of  one  second  in  the  positive 
direction,  then  reverses,  flows  for  a  similar  interval  in  the 
opposite  direction,  and  then  reverses  again.  This  operation 
is  repeated  at  regular  intervals  as  shown  by  the  line,  and 
any  current  which  passes  repeatedly  through  a  set  of  values 
in  equal  intervals  of  time,  such  as  that  shown  above,  is 
known  as  an  alternating  current.  The  line  0//'  agg'  b  is 
often  spoken  of  as  a  current,  or  E.  M.  F.,  wave,  depending 
upon  whether  the  diagram  is  used  to  represent  the  current 
flowing  in  a  circuit  or  the  E.  M.  F.  which  is  setting  up  the 
current.     The  positive  half  wave  Off  a  is  of  almost  exactly 
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the  same  shape  as  the  negative  half  wave  a g g'  b  in  most 
practical  cases.  Induction-coils  produce  E.  M.  F.'s  which 
have  different  positive  and  negative  half  waves,  but  in  the 
case  of  E.  M.  F.'s  produced  by  alternating-current  dynamos 
the  two  waves  are  almost  identical. 

3840.     The   outline   of   the   alternating-current  waves 
usually  met  with  in  practice  is  always  more  or  less  irregular, 


Pig.  1434. 

the  shape  of  the  wave  depending  largely  upon  the  construc- 
tion of  the  alternator  producing  it.  Some  of  the  more  com- 
mon shapes  met  with  are  shown  in  Figs.  1434,  1435,  1436,  and 
1437.  Figs.  1434,  1435,  and  1436  show  the  general  shape  of 
the  waves  produced  by  some  alternators  used  largely  for 
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Fig.  1438. 

lighting  work  and  having  toothed  armatures.  The  student 
should  notice  that  while  the  waves  are  irregular,  the  same 
let  of  values  are  repeated  over  and  over,  and  that  the  set  of 
negative  values  of  the  current  is  the  same  as  the  positive, 
thus  producing  a  symmetrical  curve  with  reference  to  the 
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horizontal  line.      Fig.  1437  represents  a  form  of  wave  which 
is  commonly  met  with,  especially  in  the  case  of  large  alter- 


FlG.  143e. 


nators  designed  for  power  transmission.     It  will  be  noticed 
that  this  curve   is  practically  symmetrical  as  regards  both 


Fig.  1437. 
the  horizontal  line  0  a  b  c  and  a  vertical  passing  through  the 
highest  point  of  the  curve. 


CYCLE,  FREQUENCY,  ALTERNATION,  PERIOD. 
3841.  In  all  the  curves  shown  in  Figs.  1434  to  1437  the 
current  passes  through  a  set  of  positive  values  while  the 
interval  of  time,  represented  by  the  distance  0  a,  is  elapsing, 
and  through  a  similar  negative  set  during  the  interval  rep- 
resented by  the  distance  a  b.  This  operation  of  passing 
through  a  complete  set  of  positive  and  negative  values  is 
repeated  over  and  over  in  equal  intervals  of  time. 

The  complete  set  of  "values  wJiicJi  an  alternatmg  current 
passes  through  repeatedly  as  time  elapses  is  called  a  cycle. 
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A  cycle  would  therefore  be  represented  by  the  set  of  values 
which  the  current  passes  through  while  the  time  represented 
by  the  distance  0  b  was  passing. 

3842.  TJie  iiumber  of  cycles  passed  through  in  one  second 
is  called  the  frequency  of  the  current.  For  example,  if  the 
current  had  a  frequency  of  thirty,  it  would  mean  that  it 
passed  through  thirty  complete  cycles  or  sets  of  values  per 
second.  In  this  case  the  distance  0  b  would,  therefore,  rep- 
resent an  interval  of  one-thirtieth  of  a  second,  and  the  time 
occupied  for  each  half  wave,  or  the  distance  0  a,  would  be 
^y  of  a  second.  The  frequency  is  usually  denoted  by  the 
letter  ;/,  although  the  symbol  '^  is  sometimes  used.  Fre- 
quencies employed  in  alternating-current  work  vary  greatly 
and  depend  largely  upon  the  use  to  which  the  current  is  to 
be  put.  For  lighting  work,  frequencies  from  60  to  125  or 
130  are  in  common  use.  For  power-transmission  purposes 
the  frequencies  are  usually  lower,  varying  from  60  down  to 
25,  or  even  less.  Very  low  frequencies  can  not  be  used  for 
lighting  work  because  of  the  flickering  of  the  lamps.  Several 
of  the  large  companies  have  adopted  60  as  a  standard  fre- 
quency for  both  lighting  and  power  apparatus.  This  is  well 
suited  for  operating  both  lights  and  motors  and  enables  both 
to  be  run  from  the  same  machine — a  considerable  advantage, 
especially  in  small  stations.  The  high  frequencies  of  125-130 
are  going  out  of  use  except  in  stations  which  operate  lights 
exclusively. 

3843.  An  alternation  is  half  a  cycle.  An  alternation 
is,  therefore,  represented  by  one  of  the  half  waves,  and  there 
are  two  alternations  for  every  cycle. 

Instead  of  expressing  the  frequency  of  an  alternator  as  so 
many  cycles  per  second,  some  prefer  to  give  it  in  terras  of  so 
many  alternations  per  minute.  For  example,  suppose  we 
have  an  alternator  supplying  current  at  a  frequency  of  00, 
I.  c,  60  complete  cycles  per  second,  lu-  :),r)00  per  minute. 
Since  there  are  two  alternations  for  every  cycle,  the  machine 
might  be  said  to  give  7,200  alternations  per  minute.     The 
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method  of  expressing  the  frequency  as  so  many  cycles  per 
second  is,  however,  the  one  most  commonly  used. 

3844.  The  time  of  duration  of  one  cycle  is  called  its 
period.  This  is  usually  denoted  by  t  and  expresses  the 
number  of  seconds  or  fraction  of  a  second  which  it  takes  for 
one  cycle  to  elapse.  If  the  frequency  were  GO,  the  period 
would  be  -gV  second,  or,  in  general, 

frequency  = 


or 


n^-. 


period' 
(613.) 


3845.  Two  alternating  currents  are  said  to  be  in  syn- 
clironism  when  they  have  the  same  frequency.  Two  alter- 
nators would  be  said  to  be  running  in  synchronism  when 
each  of  them  was  delivering  a  current  which  passed  through 
exactly  the  same  number  of  cycles  per  second. 


SINE  CURVES. 
3846.  The  variation  of  an  alternating  current  as  time 
elapses  may  always  be  represented  by  a  wave-like  curve  such 
as  those  shown  in  the  previous  diagrams,  such  curves  being 
easily  obtained  from  the  alternators  generating  the  current 
by  several  well-known  methods.  The  current  at  any  instant 
may  thus  be  obtained.  In  order,  however,  to  study  the 
effects  of  an  alternating  current,  it  is  necessary  to  know  the 


Fig.  1438. 


law  according  to  which  this  curve  varies.      In  the  case  of 
the  irregular  curves  shown  in  Figs.  1434,  1435,  and  1436, 
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the  law  giving  the  rekition  between  the  time  and  the  value  of 
the  current  is  so  complicated  that  it  renders  calculations  too 
involved.  A  great  many  alternators  give  E.  M.  F.  and  cur- 
rent curves  which  closely  resemble  that  shown  in  Fig.  1437, 
and  the  law  which  this  curve  follows  is  quite  simple.  Such  a 
curve  may  be  constructed  as  follows :  Suppose  a  point/,  Fig. 
1438,  moves  uniformly  around  a  circle  in  the  direction  of  the 
arrow,  starting  from  0°.  The  angle  oc  (pronounced  alpha)  will 
uniformly  increase  from  0°  to  180°  and  from  there  to  360°, 
or  back  to  0°,  and  so  on.  Take  the  instant  when  the  point  is 
in  the  position  shown  and  project  it  on  the  vertical  through 
O.    The  line  0/>',  which  is  the  projection  oi  O  />  =  />  r,  will  be 

fir 
proportional  to  the  sine  of  the  angle  or,  because  sin  a  =  -p-— 

and  Op  remains  constant.  When  a  =  90°  the  projection,  or 
sine  «",  is  proportional  to  O  /i;  when  at  180°  or  3G0°  it  is  zero, 
and  when  at  270°  it  is  proportional  to  O  //'.  All  the  values 
of  the  projection  of  the  line  0/>  from  0°  to  180°  are  positive 
or  above  the  horizontal,  and  those  from  180°  to  360°  are  neg- 
ative or  below  the  horizontal.  As  the  point  /  revolves,  /' 
moves  from  O  to  /i,  back  through  O  to  //',  and  then  back  to  O 
when  the  point  /  has  reached  0°  again.  The  way  in  which 
the  sine  (or  length  of  the  line  O />')  varies  as  the  point  / 
revolves  may  be  shown  by  laying  out  along  the  line  O  x  dis- 
tances representing  the  time  which  it  takes  the  point  /  to 
turn  through  various  values  of  the  angle  a  and  erecting 
perpendiculars  equal  to  the  values  of  the  sine  corresponding 
to  these  angles.  At  the  point  a  the  value  of  the  projection  of 
O  p  would  be  zero.  At  the  instant  shown  in  the  figure  the 
value  of  the  sine  is  /  r  =  O  p\  Lay  off  the  distance  a  f,  rep- 
resenting the  time  required  for  the  point  to  move  from  a  to 
p,  and  erect  a  perpendicular/"^  equal  to  p  r.  The  distance 
a  b  represents  the  time  required  for/  to  move  through  90°, 
and  the  perpendicular  b  k  \%  equal  \.o  O  h  —  O  p.  A  number 
of  points  may  be  found  in  this  way  and  the  half  wave  a  k  c 
drawn  in.  The  negative  half  wave  is  exactly  the  same 
shape,  but,  of  course,  is  drawn  on  the  lower  side  of  the  hori- 
zontal.    A  curve  constructed  in  this  manner  is  known  as  a 
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sine  curve,  because  its  perpendicular  at  any  point  is  pro- 
portional  to  the  sine  of  the  angle  corresponding  to  that 
point.  The  sine  of  the  angles  0°,  180°,  860°  is  zero;  hence, 
at  the  points  corresponding  to  these  angles,  the  curve  cuts 
the  horizontal,  i.  e.,  the  curve  passes  through  its  zero 
value.  At  90°  the  curve  passes  through  its  positive  maxi- 
mum value,  and  at  270°  it  passes  through  its  negative  maxi- 
mum. The  maximum  value  of  the  curve  b  k  ■=  O  p  I's,  called 
its  amplitude,  and  the  curve  varies  between  the  limits 
-\-  b  k  and  —  b  k. 

3847.  If  an  alternating  current  or  E.  M.  F.  is  repre- 
sented by  a  sine  curve  constructed  as  above,  the  maximum 
value  which  the  current  or  E.  M,  F.  reaches  during  a  cycle 
would  be  represented  to  scale  by  the  vertical  b  k,  and  the 
value  at  any  other  instant  during  the  cycle  would  be  ^  ^  sin 
a',  where  a  is  the  angle  corresponding  to  the  instant  under 
consideration.  The  law  which  such  a  curve  follows  is  there- 
fore quite  simple,  and  fortunately  such  a  curve  represents 
quite  closely  the  E.  M.  F.  and  current  waves  generated  by  a 
large  class  of  alternators.  Even  where  the  curves  do  not 
follow  the  sine  law  exactly,  it  is  sufficiently  accurate  for  all 
practical  purposes  to  assume  that  they  do.  In  all  calcula- 
tions connected  with  alternating  currents,  it  is,  therefore, 
usual  to  assume  that  the  sine  law  holds  good.  The  wave 
shown  in  Fig.  1438  may,  therefore,  be  taken  to  represent 
the  way  in  which  an  alternating  current  varies.  During  the 
time  represented  by  the  distance  a  e,  one  complete  cycle 
occurs.  The  inaximuvi  value  of  the  current  is  represented 
by  the  vertical,  or  ordinate,  C  ^=  b  k,  and  the  current  passes 
through  a  certain  number  of  these  cycles  every  second, 
depending  upon  the  frequency  n  of  the  alternator. 

3848.  The  student  should  always  keep  in  mind  the  fact 
that  in  an  alternating-current  circuit  there  is  a  continual 
surging  back  and  forth  of  current,  rather  than  a  steady  flow, 
as  in  the  case  of  a  direct  current,  and  it  is  this  continual 
changing  of  the  current  which  gives  rise  to  most  of  the 
peculiarities  which  distinguish  the  action  of  alternating  cur- 
rents from  direct. 
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PROPERTIES   OF   SINE  CURVES. 

3849.  By  examining  Fig.  1438,  it  will  be  seen  that 
every  time  the  point  /  makes  one  complete  revolution  the 
sine  curve  passes  through  one  complete  cycle,  and  the  time 
which  it  takes/  to  make  one  revolution  corresponds  to  the 
period.  The  number  of  revolutions  which  the  point/  makes 
in  one  second  would  therefore  be  equal  to  the  frequency  n. 
It  is  well  to  note,  in  passing,  that  the  sine  curve  is  much 
steeper  when  it  crosses  the  axis  than  when  it  is  near  its 
maximum  values;  in  other  words,  the  sine  of  the  angle  is 
changing  more  rapidly  when  near  0°  and  180°  than  it  is  at 
90°  and  270°.  

ADDITION  OF  SINE  CURVES. 

3850.  If  a  line  carrying  a  continuous  current  is  split 
into  two  or  more  branches,  the  current  flowing  in  the  main 
line  is  found  by  taking  the  sum  of  the  currents  in  the 
different  branches.  For  example,  suppose  a  pair  of  electric- 
light  mains  feeds  three  circuits,  taking  5,  10,  and  50  am- 
peres; the  current  in  the  mains  would  be  found  by  simply 
taking  the  sum  of  these,  i.  e.,  65  amperes.  This  method, 
however,  can  not,  as  a  general  rule,  be  applied  to  alternating- 
current  circuits,  and  it  is  necessary,  therefore,  to  study 
carefully  the  methods  of  adding  together  two  or  more 
alternating  currents  or  E.  M.  F.'s. 

385 1 .  The  method  of  adding  together  two  alternating 
E.  M.  F.'s  represented  by  sine  curves  is  shown  in  Fig.  1439. 
One  E.  M.  F.  is  represented  to  scale  by  the  radius  0/>; 
that  is,  the  radius  O  />  is  laid  oflE  to  represent  the  maximum 
value  £  which  the  E.  M.  F.  reaches  during  a  cycle.  The 
point/ is  supposed  to  revolve  uniformly  around  the  inner 
circle,  and  the  corresponding  sine  curve  is  shown  by  the 
dotted  wave.  The  other  E.  M.  F.  has  its  maximum  value 
£'  represented  by  the  radius  O  q,  which  revolves  uniformly 

round  the  outer  circle,  generating  the  sine  wave  shown  by 
the  dot  and  dash  line.  Both  points  are  supposed  to  revolve 
at  exactly   the   same  speed  and  to  start  from    0°  at    the 
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same  instant ;  in  other  words,  the  frcquoicy  of  both  is  the 
same,  or  they  are  in  synchronism.  Since  both  points  start 
from  0°  at  the  same  instant  and  revolve  at  the  same  rate,  it 
follows  that  both  the  E.  M.  F.  curves  will  vary  together. 
They  will  come  to  their  maximum  values  at  the  same 
instant  and  will  pass  through  zero  simultaneously.  When 
two  or  more  alternating  E.  M.  F.'s  or  currents  vary 
together  in  this  way,  they  are  said  to  be  in  phase  with  each 
other.  The  two  curves  shown  in  Fig.  1439  not  only  repre- 
sent two  synchronous  E.  M.  F.'s,  but  these  E.  M.  F.'s  are 
also  in  phase  with  each  other.  The  curve  representing  the 
sum  of  these  two  E.  M.  F.'s  is  easily  found  by  adding 
together  the  instantaneous  values  of  the  separate  E.  M.  F.'s, 

I 


Fig.  1439. 


thus  giving  the  sine  curve  shown  by  the  full  line.  For 
example,  take  any  instant  represented  by  the  point /"on  the 
line  O  x\  the  ordinate,  or  vertical,  f  g  represents  the 
instantaneous  value  of  the  E.  M.  F.  ii,  and  the  ordinate 
f  Ji  represents  the  instantaneous  value  of  E' .  The  value  of 
their  sum  at  this  particular  instant  is  therefore  found  by 
adding/"^  and y//,  giving /"/{',  and  locating  the  point  Z' on 
the  required  curve.  The  maximum  ordinate  of  this  result- 
ant curve  is  b  I  ^=  E  -\-  E'.  This  curve  representing  the 
sum  of  the  two  original  E.  M.  F.'s  is  in  phase  with  E  and 
E'  and  is  also  a  sine  curve,  hence  it  may  also  be  represented 
by  a  line  revolving  about  the  point  O,  provided  this  line  is 
so  taken  that  its  projection  on  the  vertical   is  at  all  instants 
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equal  to  the  sum  of  the  projections  of  the  two  original  lines 
O  p  and  O  q.  Since  the  points/  and  q  are  in  line  with  each 
other,  it  follows  that  if  we  produce  O  q  to  r,  making  O  r  = 
O  p-[.  O  q,  the  projection  oi  O  r  =  O  r'  will  be  equal  to  the 
sum  of  the  projections  of  Opa.n<\  O  q,  i.  e.,  O  r'  =0 p'  -\-0  q'. 
It  follows  from  the  above  that  if  the  line  O  r  were  to  revolve 
uniformly  around  O  at  the  same  rate  as  Op  and  O  q,  the  curve 
representing  the  sum  of  the  two  E.  M.  F.'s  would  be 
generated. 

3852.  The  following  may  be  summarized  from  the 
above : 

(1)  The  curi.  .  .J  .\:>enting  the  sum  of  tivo  or  more  sine 
curves  may  be  obtained  by  adding  together  the  ordinates 
representing  the  instantaneous  va/ues  of  the  origi)ial  curves. 

(2)  If  the  two  or  more  curves  zvhieh  are  added  are  of  the 
same  frequency  {as  is  tistially  the  case),  the  resultant  also  will 
be  a  sine  curve. 

(3)  Two  or  more  alternating  E.  M.  F.'s  or  eurrejits  of 
the  same  frequency  are  said  to  be  in  phase  witJi  each  other 
when  they  reach  their  maximum  and  minimum  values  at  the 
same  instant. 

(4)  The  resultant  si>ie  curve  representing  the  sum  of  tivo 
or  more  sine  curves  of  the  same  freqjiency  may  be  generated  by 
a  line  revolving  uniformly,  and  of  such  length  and  so  located 
zvith  reference  to  the  lines  generating  the  original  curves  that 
its  projection  on  the  vertical  shall  at  all  instants  be  equal  to 
the  sum  of  the  projections  of  the  tz^'o  original  revolving  lines. 

3853.  In  Fig.  1431)  the  line  O  r  =  O p -{■  O  q  generates 
the  resultant  curve,  and  since  Op  and  O  q  are  in  phase  with 
each  other,  it  is  seen  that  O  r  is  found  by  simply  taking  the 
sum  of  tht  -inal  lines  Op  and  O q.  In  other  words, 
when  two  aiL^i  naiing  E.  M.  F.'s  or  currents  are  in  phase 
with  each  other,  they  may  be  added  together  in  the  same 
way  as  direct  currents,  but  if  they  are  not  in  phase,  this  can 
not  be  done.  It  is  quite  possil)le  in  alternating-current 
circuits  to  have  the  current  and  E.   M.   F.  out  of  phase. 
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Suppose  an  alternator  to  be  forcing  current  through  a 
circuit.  Every  wave  of  E.  M.  F.  will  be  accompanied  by  a 
corresponding  wave  of  current,  and  hence  the  current  and 
E.  M.  F.  will  always  have  the  same  frequency.  There  are 
a  number  of  causes  which  may  prevent  the  current  and 
E.  M.  F.  from  coming  to  their  maximum  and  minimum 
values  at  the  same  instant,  and  the  current  may  lag  behind 
the  E.  M.  F.  or  may  be  ahead  of  it.  In  the  case  of  two 
alternators  feeding  current  into  a  common  circuit,  one  cur- 
rent may  lag  behind  the  other,  or  the  E.  M.  F.  produced  by 
one  alternator  may  not  be  in  phase  with  that  of  the  other. 
The  effects  of  this  difference  of  phase  must  be  taken  into 
account  in  alternating-current  work,  as  it  gives  rise  to  a 
number  of  peculiar  effects  not  met  with  in  connection  with 
direct  currents.  Of  course,  in  the  case  of  direct  currents 
there  is  no  change  taking  place  in  the  currents  or  E.  M.  F.'s; 
consequently,  they  are  always  in  phase  with  each  other. 

3854.     The  effects  of  this  difference  in  phase  will  be 
seen   more    clearly    by    referring   to    Fig.    1440.     The    two 
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E.  M.  F.'s  ^  and  ii' are  represented  by  the  revolving  lines 
Op  and  O  qz.'s,  before.  In  this  case,  however,  the  E.  M.  F.  E' 
starts  from  0°  before  E^  and  the  two  are  displaced  by  the 
angle  ^  (phi) ;  in  other  words,  the  point/ does  not  start  from 
0°  until  the  point  q  has  turned  through  an  angle  ^.  After 
this  the  two  revolve  in  synchronism,  and  the  angle  <?  remains 
constant,  while  the  angle  a  is  continually  changing  as  before. 
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The  E,  M.  F.  E  is  therefore  lagging  behind  E\  and  the  two 
E.  M.  F.'s  are  said  to  be  out  of  phase.  It  might  also  be 
said  that  the  E.  M.  F.  E'  was  ^degrees  ahead  or  in  advance 
of  E^  or  that  E  lagged  ^  degrees  behind  E' .  If  E  lagged 
-one  complete  cycle  behind  E.\  the  angle  of  lag  would  be  3G0°, 
and  if  it  were  said  that  E  lagged  90°  behind  E\  it  would 
mean  that  E  came  to  its  maximum  or  minimum  value  just 
\  period  later  than  E' .  The  dot  and  dash  curve,  as  before, 
represents  E\  and  the  dotted  curve  represents  E.  The  two 
curves,  however,  no  longer  cross  the  horizontal,  or  come  to 
their  maximum,  at  the  same  instant.  The  dotted  curve 
starts  in  at  the  point  r,  a  distance  a  c  behind  the  curve 
representing  E' .  Since  time  is  measured  in  the  direction  of 
the  arrow,  the  point  c  represents  an  instant  which  is  later 
than  the  point  a.  In  other  words,  the  curve  representing 
^does  not  start  until  an  interval  of  time,  represented  by  rt^, 
has  elapsed  after  the  starting  of  the  dot  and  dash  curve, 
i.  e.,  the  dotted  curve  is  lagging  behind  the  other.  The  dis- 
tance a  c  xs  equivalent  to  the  time  which  it  would  take/  or 
q  to  turn  through  the  angle  ^.  The  sum  of  the  two  curves 
is  found  as  before  by  adding  the  ordinates;  thus  h  k  -\-  h  I  =^ 
h  in,  and  the  resultant  curve  shown  by  the  full  line  is 
obtained.  It  will  be  noticed  that  this  is  a  sine  curve,  but  it 
is  in  phase  with  neither  of  the  original  curves,  also  that  its 
maximum  value  E"  is  not  as  great  as  in  the  case  shown  in 
Fig.  1439.  The  resultant  curve  has,  however,  the  same 
frequency  as  the  others.  The  revolving  line  which  will 
generate  this  curve  must  have  its  projections  on  the  vertical 
equal  to  the  sum  of  the  projections  of  the  other  two.  This 
condition  is  fulfilled  by  the  line  ( ^  r,  which  is  the  diagonal  of 
the  parallelogram  farmed  on  the  two  sides  O />  and  O  q. 
That  this  is  the  t  a<c  will  be  easily  seen  by  referring  to  the 
figure.  The  pri.jfciion  dl'  ( '/  is  ''/'  and  of  Oq,  O  q' .  The 
projection  of  the  diagonal  O  r  is  O  r  \  but  q  r'  —  O p'  \  hence 
Or'  =  O q'  -\-  O />',  and  if  the  diagonal  ('> r  were  to  revolve  at 
the  same  rate  as  (^  p  and  ('  </,  the  full-line  «  -.i  \<'  would  l)e 
generated.  The  maximum  value  of  this  curve  E"  is  equal 
to  O  r,  and  the  diagonal  O  r  not  only  gives  the  maximum 
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value  of  the  resultant  curve,  but  also  gives  its  phase  relation 
in  regard  to  the  two  original  curves.  In  this  case  O  r  lags 
behind  (9  ^  by  the  angle  ji  (beta),  and  the  distance  a  b  repre- 
sents the  interval  of  time  which  is  required  for  the  line  O  r 
to  swing  through  the  angle  /?. 

3855.  The  important  points  in  the  above  may  then  be 
summarized  as  follows: 

(1)  In  altcrjiating-ctirrcnt  systems,  two  or  more  eurrents 
or E.  M.  F.'s  may  not  come  to  their  maximum  and  minimum 
values  at  the  same  instant,  in  wJiicJi  case  they  are  said  to  be 
out  of  phase  or  to  have  a  difference  of  phase. 

(2)  Phase  difference  is  usually  expressed  by  an  angle  {in 
most  cases  denoted  by  the  Greek  letter  0).  If  this  angle  is 
measured  forwards,  in  the  direction  of  rotation,  it  is  called  an 
angle  of  lead  or  angle  of  advance;  if  measured  backwards, 
it  is  called  an  angle  of  lag. 

(3)  Two  sine  curves  not  in  phase  may  be  added  together 
by  adding  their  ordinates.  If  the  two  original  curves  are  of 
the  same  frequency,  the  resultaiit  curve  will  be  also  a  sine 
curve,  but  differing  i7i  pJiase  from  t lie  other  tzvo. 

(4)  The  maximjim  value  of  the  resultant  curve  is  given 
by  the  diagonal  constructed  on  the  lines  representing  the 
maximum  values  of  the  original  curves.  This  diagonal  not" 
only  gives  the  maximum  value  of  the  resultant  curve,  but  also 
determines  its  phase  relatiofi. 

3856.  From  the  above  it  will  be  seen  at  once  that  in 
adding  alternating  currents  and  E.  M.  F.'s,  account  must  be 
taken  not  only  of  their  magnitude,  but  also  of  their  phase 
relation,  and  they  can  be  added  numerically  only  when  they 
are  in  phase  with  each  other,  as  in  the  case  of  direct  currents. 

3857.  As  an  example  of  the  addition  of  two  alternating 
currents,  suppose  a  divided  circuit  as  shown  in  Fig.  1441. 
The  main  circuit  1  is  divided  into  the  branches  2  and  S,  and 
ampere  meters  y^,,  A^,  and  ^3  are  placed  in  the  branches.  If  a 
continuous  current  were  flowing,  the  reading  of  A^  would  be 
equal  to  the  sum  of  the  readings  of  y^,  and  A^   This,  however, 
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would  not  be  the  case  if  an  alternating  current  were  flow- 
ing, unless  the  currents  in  the  two  branches  happened  to 
be  exactly  in  phase.  ^         ^ 


^ 


f, 


ATS 


Fig.  1441. 


Generally  speaking, 
they  would  not  be  in 
phase,  and  the  read- 
ing of  A^  would  be 
less  than  the  sum  of 
A^  and  A^.  The 
relation  between 
the  three  currents 
would  be  as  shown  in  Fig.  1442,  where  C,,  the  reading  of  ,r/„ 
is  the  diagonal  of  the  parallelogram  formed  by  O  q  and  Op, 
q  representing  the  read- 
ings of  A^  and  ^,,  re- 
spectively. These  lines 
can  all  be  laid  off  to 
scale,  so  many  amperes 
per  inch,  and  the  angles 
of  phase  difference  read- 
ily determined.  In  this 
case  ^  is  the  phase  difference  between  the  current  in  the 
branches  i?  and  3,  while  the  main  current  is  fi°  behind  C^  and 
0°  (theta)  ahead  of  C^.  The  resultant  current  represented 
by  (9/-  is  smaller  than  it  would  be  if  Oq  and  Op  were  in 


Fig.  1442. 


t 


C, 


o- 


p  q  -^ 

Fig.  144.S. 

phase.  If  Op  and  O q  were  in  phase,  they  could  be  added 
together  directly,  and  the  resultant  would  be  O  r,  as  shown 
in  Fig.  1443.  Here  the  angle  of  lag  has  become  zero,  and 
the  parallelogram  has  been  reduced  to  a  straight  line. 

3858.     A  practical  example  of  the  addition  of  two  alter- 
nating  cu:  the  runnintrof  two  alternators  in  parallel, 

Fig.  1444.  in  in  IS  case,  the  two  alternators  A  and  />  furnish 
current  to  the  line,  and  the  actual  current  flowing  in  the  line 
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would  be  found  by   taking  the  geometric  sum  of  the  two 
separate  currents,  as  explained  in  the  preceding  example. 

Line 


Line 


Fig.  1444. 

3859.     Alternating  E.  M.  F.'s  are  added  in  the  same  way 
as  currents.      If  two  alternators  A   and  B,  Fig.   ]445,  were 

connected  in  series, 
one  giving  an  E.  M.  F. 
E^  and  the  other  E^ 
volts,  the  E.  M.  F. 
E^  obtained  across 
the  mains  would  not 
generally  be  equal  to 
E^  -\-  E^,  but  would 
be  the  resultant  sum, 
as  shown  by  the  parallelogram,  Fig.  1446.  If  A  and  ^  were 
continuous-current  dynamos,  or  if  E^  and  E^  were  exactly  in 
phase,  Ej  would  be  equal  to 
the  sum  of  E^  and  E^.  On 
account  of  this  effect  of  the 
difference  in  phase  between 
E^  and  E^,  the  sum  of  the 
readings  of  voltmeters  con- 
nected across  a,  a'  and  b,  b' 
would  be  greater  than  the  reading  obtained  by  a  voltmeter 
connected  across  the  mains. 


Fig.  1445. 


Fig.  1446. 


TWO    AND    THREE   PHASE   SYSTEMS. 

3860.  If  the  angle  of  lag  betzvcen  two  currents  is  zero, 
they  are  said  to  be  in  phase. 

If  the  angle  of  lag  betzveen  tzvo  currents  is  90°  they  are 
said  to  be  at  right  angles  or  in  quadrature. 
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If  the  angle  of  lag  is  180°,  they  are  said  to  be  in  opposi- 
tion. 

Fig.  1447  shows  two  current  waves  at  right  angles  or  in 
quadrature,  the  current  C^,  represented  by  the  dotted  line, 
lagging  90"",  or  ^  cycle,  behind  C^.  If  these  two  currents 
were  fed  into  a  common  circuit,  the 
resultant  current  would  be  repre- 
sented by  the  diagonal  or,  and  this 
current  would  lag  45°  behind  C^. 

3861.  It  will  be  seen  by  examin- 
ing Fig.  1447  that  at  the  instant  C^  is 
at  its  maximum  value,  C^  is  passing 
through  zero.  If  each  of  these  cur- 
rents were  fed  into  separate  lines, 
a  t^'o-phase,  or  quarter-phase, 
system  would  be  obtained;  i.  e., 
there  would  be  two  distinct  circuits, 
fed  from  one  dynamo,  the  currents 

i~  in  the  two  circuits  differing  in  phase 
'".  by  90°,  or  \  period.  Such  systems 
£  are  in  common  use  for  operating 
motors,  and  more  will  be  said  about 
them  in  connection  with  alternators. 
Alternators  for  use  in  connection 
with  such  systems  are  usually  pro- 
vided with  two  sets  of  windings  on 
their  armatures,  so  arranged  that 
when  one  set  is  generating  its  maxi- 
mum E.  M.  F.,  the  other  is  passing 
through  zero. 

3862.  vSystems  in  which  three 
currents  are  employed  are  also  in  com- 
mon use  in  connection  with  power- 
transmission  plants.     These  currents 

differ  in  phase  by  120",  or  ^  period,  and  constitute  what  is 
known  as  a  three-phase  system.     Such  an  arrangement 
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IS  shown  in  Fig.  1448 
and  C^  are  displaced 


rent  in  one  circuit  is 
the  other  two  are  in 
great. 


,  where  the  three  equal  currents  C^,  C^, 
in  phase'  by  120°.  The  corresponding 
sine  curves  are  also  shown,  the  dotted 
line  C,  lagging  120°  behind  the  full  line 
C^,  and  the  dot  and  dash  line  C^  lagging 
120°  behind  C^.  In  such  a  case,  where 
the  three  currents  are  equal,  the  re- 
sultant sum  is  at  all  instants  equal  to 
zero.  This  may  be  seen  at  once  from 
the  figure.  The  resultant  sum  of  C^ 
and  C^  is  o  s,  and  this  is  the  equal 
and  opposite  of  ^  r  =  C^,  so  that  the 
resultant  sum  of  all  three  is  zero. 
This  may  also  be  seen  from  the  curves 
themselves,  ^/  being  the  equal  and 
opposite  of  ^/^ +^/^,  and  2de  is  the 
equal  and  opposite  of  d/.  It  is  well 
to  bear  this  property  of  a  balanced 
three-phase  system  in  mind,  as  it  is 
taken  advantage  of  in  connection  with 
three-phase  armatures  and  in  three- 
phase  power-transmission  lines.  The 
above  would  not  be  true  if  the  system 
were  unbalanced,  i.  e.,  if  C^,  C^,  and  C^ 
were  not  all  equal ;  but  in  most  cases 
where  these  systems  are  used,  it  is 
tried  as  far  as  possible  to  keep  the  cur- 
rents in  the  different  lines  equal.  It 
should  also  be  noted  that  in  such  a 
system  when  the  current  in  one  line 
is  zero,  the  currents  in  the  other  two 
lines  are  equal  and  are  flowing  in 
opposite  directions.  When  the  cur- 
at its  maximum  value,  the  currents  in 
the  opposite  direction  and  one-half  as 
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COMPOSITIOX  AND  RESOLUTION  OF  CURRENTS 
AND  E.  M.  F.'s. 
3863.  It  has  been  shown  by  the  foregoing  articles  that 
a  sine  wave  may  always  be  expressed  by  a  line  revolving  uni- 
formly around  a  point  and  representing  to  scale  the  maximum 
value  of  the  E.  M.  V .  or  current.  The  projection  of  this  line 
on  the  vertical  at  any  instant  gives  the  instantaneous  value 
of  the  E.  M.  F.  or  current.  In  working  out  problems  in  connec- 
tion with  alternating  currents,  it  is  not  necessary  to  draw  in 
the  sine  curves,  but  to  use  simply  the  line  representing  the 
curve.  It  has  already 
been  shown  how  cur- 
rents and  E.  M.  F.'s 
may  be  added  by 
using  these  lines.  In 
fact,  alternating  cur- 
rents and  E.  M.  F.'s 
are  added  and  re- 
solved into  components  in  just  the  same  way  as  forces  are 
treated  in  mechanics,  by  means  of  the  paralleloLTam  of  forces. 
What  holds  true  with  regard  to  two  curreir  .pplies  to 

three  or  more,  in  this  case  the  polygon  ot  forces  being 
employed.  An  example  of  this  is  shown  in  Fig.  1449. 
Three  alternators  A,  i>,  and  (Tare  running  in  parallel,  feed- 
ing current  to  the  line.  The  three  currents  all  differ  in 
phase,  and  their  amounts  are  given  by  the  ammeters  C^,  C^,  C^. 
Required,  the  current  flowing  in  the  main 
circuit.  This  will  be  the  resultant  sum 
of  C„  r,,  and  r,.  Lay  off  O  a,  O  b,  and 
O  c.  Fig.  1450,  to  represent  the  three  cur- 
rents to  scale  and  in  their  proper  phase 
relation.  From  a  draw  a  e  equal  and 
parallel  to  O  l\  and  from  c  draw  t  d  equal 
and  parallel  to  O  c.  Join  O  d  \  then  Od 
will  represent  the  resultant  current  to  the 


Fig.  1449. 


Kl(..  1450. 


same  scale  that  O  a,  (^/'.  and  O  c 


•nt  ( 


r.,.  and  ( 


In 


other  words,  O  d  would  represent  to  scale  the  reading  of  the 
ammeter  C  placed  in  the  main  line.      The  angles  giving  the 
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phase  differences  between  the  different  currents  can  usually 
be  calculated  when  the  constants  of  the  different  circuits 
are  known.  Methods  for  calculating  the  angles  of  phase 
difference  will  be  given  later.  If  the  three  currents  repre- 
sented by  O a,  Ob,  and  O  c  should  all  happen  to  be  in  phase 
with  each  other,  their  resultant  sum  would  be  obtained  by 
simply  adding  them  up  numerically. 

3864.     Alternating    E.  M.  F.'s   and   currents    may   be 
resolved  into  two  or  more  components,  in  the  same  way  that 

forces     are     resolved      in 
\  mechanics,    by    reversmg 

I  the    process    of    composi- 

I  tion.   For  example,  in  Fig. 

1451  we  have  the  current 
represented  hy  O  a  re- 
solved into  two  compo- 
nents Ob   and   Oc.     The 

*  two  currents  represented 

by   (9  ^  and   O  c,  differing 

in  phase  by  the  angle  ^, 

Fig.  1451.  ij    ..u        r  u- 

would   therefore    combine 

to  produce  the  current  represented  by  O  a. 


EXAMPLES    FOR    PRACTICE. 

1.  Two  currents,  one  of  40  amperes  and  the  other  of  50,  differing  in 
phase  by  30°,  unite  to  form  a  third  current.  Required,  the  value  of 
this  current.  Ans.  87  amperes,  nearly. 

2.  Construct  a  curve  which  will  represent  the  E.  M.  F.  of  an  alter- 
nator generating  a  maximum  of  300  volts  at  a  frequency  of  60.  Use 
1  inch  per  100  volts  for  the  vertical  scale  and  1  inch  equal  to  f^^-  second 
for  the  horizontal. 

3.  Represent  two  E.  M.  F.'s  of  same  frequency,  one  of  200  volts 
maximum  and  the  other  of  150  volts  maximum,  the  latter  lagging  behind 
the  former  by  an  angle  of  60°.  Draw  the  two  sine  curves  representing 
these  E.  M.  F.'s  in  their  proper  relation  to  each  other,  and  add  these 
together  to  obtain  the  resultant  curve.  Find  the  maximum  value  of 
this  resultant  and  compare  its  value  with  that  obtained  by  taking  the 
diagonal  of  the  parallelogram  constructed  from  the  two  component 
E.  M.  F.'s.  Ans.  Resultant  E.  M.  F.  =  304  volts. 

Note. — The  student  should  bear  in  mind  that  in  all  the  above  cases 
the  waves  of  current  and  E.  M.  F.  are  supposed  to  follow  the  sine  law. 
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MAXIMUM,  averagp:,  axi>  effkctive  values 

OF    SINE    CURVES. 

3865.  During  each  cycle  an  alternating  current  passes 
through  a  large  range  of  values  from  zero  to  its  maximum. 
These  instantaneous  values  are,  as  a  rule,  used  very  little  in 
calculations.  It  is  necessary  to  have  it  clearly  understood 
what  is  meant  when  it  is  said  that  a  current  of  so  many 
amperes  is  flowing  in  a  circuit  or  that  an  alternator  is  supply- 
ing a  pressure  of  so  many  volts.  When  it  is  stated  that  an 
alternating  current  of,  say,  10  amperes  is  flowing  in  a  circuit, 
some  average  value  must  be  implied,  because,  as  a  matter  of 
fact,  the  current  is  continually  alternating  through  a  wide 
range  of  values.  It  has  become  the  universal  custom  to 
express  alternating  currents  in  terms  of  the  value  of  the  con- 
tinuous current  which  would  produce  the  same  effect  in  the 
circuit  ;  as,  for  example,  if  the  alternating  current  were  10 
amperes,  it  would  mean  that  this  alternating  current  would 
produce  the  same  effect  as  10  amperes  continuous  current. 

3866.  Suppose  the  sine  curve,  Fig.  1453,  represents  the 
variation  of  an  alternating  E.  M.  F. ;  there  are  three  values 
of  this  which  are  of  particular  importance: 

(1)  The  maximum  value,  or  the  highest  value  which 
the  E.  M.  F.  reaches.  This  value  is  given  by  the  ordinate 
E.  This  maximum  value  is  not  used  to  any  great  extent, 
but  it  shows  the  maximum  to  which  the  E.  M.  F.  rises,  and 
hence  would  indicate  the  maximum  strain  to  which  the 
insulation  of  the  alternator  would  be  subjected. 

(2)  The  average  value.  By  the  average  value  of  a 
sine  curve  is  meant  the  average  of  all  the  ordinates  of  the 
curve  for  one-half  a  cycle.  For  example,  in  Fig.  1452  the 
average  ordinate  of  the  curve  a  f  b  would  be  that  ordinate 
z^?// which  multiplied  by  the  base  a  b  would  give  a  rectangle 
a  b  e  d  oi  the  same  area  as  the  surface  a  f  b.  The  aver- 
age value  taken  for  a  whole  cycle  would  be  zero,  because  the 
average  ordinate  for  the  negative  wave  would  be  the  equal 
and  opposite  of  the  positive  ordinate.     In  the  case  of  a  sine 
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curve,  this  average  value  always  bears  a  definite  relation  to 

the  maximum  value.     If  E  is  the  inaxinuDn  value,  the  avcr- 

.   2E 
age  value  is ,  or  .G3G  E.     The  average  value   is  used  in 


n 


some  calculations,  but,  like  the  maximum  value,  its  use  is  not 
/ 


Fig.  1452. 

very  extended.  The  relation  between  the  average  and 
maximum  value  is,  however,  used  considerably  and  should 
be  kept  in  mind. 

(3)  The  effective  value.  The  effective  value  of  an 
alternating  current  may  be  defined  as  that  value  which  would 
produce  the  same  heating  effect  in  a  circuit  as  a  continuous 
current  of  the  same  amount.  This  effective  value  is  the 
one  universally  used  to  express  alternating  currents  and 
E.  M.  F.  's.  It  always  bears  a  definite  relation  to  the  maximum 
value.  When  ammeters  or  voltmeters  are  connected  in  alter- 
nating circuits,  they  always  read  effective  amperes  or  volts. 
This  effective  value  is  not  the  same  as  the  average  value 
(.036  max.),  as  might  at  first  be  supposed,  but  it  is  slightly 
greater,  being  equal  to  .707  times  the  maximum  value.  If 
a  continuous  current  C  be  sent  through  a  wire  of  resistance 
R  the  wire  becomes  heated,  and  the  power  expended  in  heat- 
ing the  wire  is  P=  C  R  watts,  or  is  proportional  to  the 
square  of  the  current.  If  an  alternating  current  be  sent 
through  the  same  wire,  the  heating  effect  is  at  each  instant 
proportional  to  the  square  of  the  current  at  that  instant.  The 
average  heating  effect  would  therefore  be  proportional  to 
the  average  of  the  squares  of  all  the  different  instantaneous 
values  of  the  current,  and  the  effective  value  of  the  current 
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would  therefore  be  the  square  root  of  the  average  cf  the 
squares  of  the  instantaneous  values.  The  effective  value  is  for 
this  reason  sometimes  called  the  square-root-of-mean-square 
value.  It  is  also  frequently  called  the  virtual  value.  Sup- 
pose, for  example,  a  circuit  in  which  an  alternating  current 
of  10  amperes  max.  is  flowing.  This  means  that  the  current 
is  continually  alternating  between  the  limits -|-10  amp.  and 
—  10  amp.,  and  passing  through  all  the  intermediate  values 
during  each  cycle.  Now,  as  far  as  the  heating  or  power 
effect  of  this  current  is  concerned,  it  would  be  just  the  same 
as  if  a  steady  current  of  .707  X  10  or  7.07  amperes  were 
flowing,  and  if  an  ammeter  were  placed  in  the  circuit  it 
would  indicate  7.07  amperes.  Hereafter,  in  speaking  of 
alternating  E.  M.  F.'s  and  currents,  effective  values  will  be 
understood  unless  otherwise  specified. 


RELATIONS    BETWEEN    VALUES. 

3867.  The  relation  between  the  maximum,  average, 
and  effective  values  will  be  seen  by  referring  to  Fig.  1453, 
the  average  ordinate  .036  E  being  slightly  shorter  than  the 


Fig.  1453. 

effective  .707  E.  For  convenience,  the  following  relations 
are  here  given  together.  They  should  be  kept  well  in  mind, 
as  they  are  used  continually  in  problems  connected  with 
alternating-current  work. 

Average   value  =  .636  maximum  value. 

_,-      .          ,            -,.-,                         ,            maximum  value 
±!.nective  value  =  .707  maximum  value,  or ;= . 

^% 

Effective  value  =  1.11  average  value. 
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3868.  On  account  of  the  importance  of  the  effective 
value,  the  following  proof  is  given  of  the  relation:  Effective 
value  =  .707  max.  Let  O  a,  Fig.  1454,  represent  the  maxi- 
mum value  of  the  sine.  The  sine 
at  any  instant  corresponding 
to  the  angle  a  is  a  I?  =  O  a  sin  a-, 
a  b 


Fig.  1454. 


sin"  a  +  cos^  a  = 


ab'    .    OU" 


or  sm  a  = 

Oa' 

sin''  a  = 

ab-" 
Oa''' 

cos  a  = 

Ob 
Oa' 

cos*  a  = 

Ob' 
Oa-"' 

al>'-^  0  b' 

Oa 

0  a' 

~  Oa 

=  1. 


Oa'   '    Oa' 

Now  as  the  line  O  a  revolves,  thus  generating  the  sine 
curve,  the  sine  varies  from  0  to  O  a  and  the  cosine  varies 
from  O c  {=  O a)  to  0,  so  that  the  sine  and  cosine  pass 
through  the  same  range  of  values,  and  consequently  the 
average  of  the  squares  of  the  sine  and  the  cosine  must  be 
the  same.     Since 

sin'  a  -f-  cos"  a  =1, 

av.  sin"  a  -j-  av.  cos"      =  1, 

and  from  the  above         2  av.  sin"  a  —  1^ 

av.  sin"  cf  =  4, 


i/av.  sin"  a  =  — =r 

4/2' 

As  the  alternating  E.  M.  F.  is  supposed  to  follow  the  sine 
law,  the  instantaneous  value  of  the  E.  M.  F.  at  any  instant 
corresponding  to  the  angle  a  is  e^  E  sin  a^  where  E  is  the 
maximum  value;  hence, 

^'  =  ^"  sin"  fl', 

av.  ^"  =  ^"  av.  sin"  «, 
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av.  e  — 


El 
2  ' 


Y^w77  =  — p=  =  E  X 


r07; 


i.  e.,  the  effective  or  square-root-of -mean-square  value  is  equal 

to  the  maxivmvt  value  multiplied  by — ~  or  .707. 

V2 

Hereafter,  in  designating  E.  M.  F.'s  and  currents,  the  fol- 
lowing notation  will  be  used  to  avoid  confusion: 

E  =  maximum  E.  M.  F. ; 

E  =  effective  or  virtual  E.  M.  F. ; 

e  =  instantaneous  E.  M.  F. ; 

C  =  maximum  current; 

C  =-  effective  or  virtual  current; 

c  =  instantaneous  current. 

3869.     In   the   diagram,  Fig.    1455,   the   value   of   the 
square-root-of-mean-square  ordinate  is  obtained  graphically. 


Fig.  14SS. 

The  dotted  curve  is  obtained  by  squaring  the  ordinates  of 

the  sine  curve,  and  the  area  of  the  dotted  rectangle  is  equal 

to  the  area  enclosed  by  the  curve  of  squares.     The  height 

E* 
of  this  ordinate  is  -^,  and  it  represents  the  average  of  all  the 
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values  of  ^^     The  square  root   of  this  gives  the  effective 

E 
value  of  the  sine  curve  :  — =  =  .707  E. 

4/2 

3870.  In  the  preceding  diagrams,  showing  the  com- 
position and  resolution  of  E.  M.  F.'s  and  currents  by  means 
of  the  parallelogram,  maximum  values  were  used.  Since, 
however,  the  effective  or  virtual  values  always  bear  a  fixed 

6 proportion    to    the    maxi- 

/^  ^^,.^--'''''^/         mum,  it  follows  that  this 

X  tJii-^""^ — '  ^^  construction     will     apply 

/^^^^^^'"'^  y  equally    well    in    case    ef- 

^  Eg  ^  fective    values    are    used. 

^'i"^-  ^456.  For    example,    if  the  two 

virtual  E.  M.  F.'s  E^  and  E^    are  represented  by  the  lines 

Od  and   O^,    Fig.    1456,    the   line    Oc  will    represent    the 

resultant  virtual  E.  M.  F.  to   the  same  scale  that  O  a  and 

O  b  represented  the  original  quantities. 


SELF-INDUCTION. 

3871.  It  has  already  been  mentioned  in  connection 
with  the  subject  of  phase  difference  that  very  often  where 
an  E.  M.  F.  is  causing  an  alternating  current  to  flow  in  a 
circuit,  the  current  may  not  rise  and  fall  in  unison  with  the 
E.  M.  F. ,  but  may  lag  behind  it.  This  effect  is  due  to  what 
is  known  as  self-induction^  and  it  is  a  direct  consequence  of 
the  continual  variation  which  the  current  undergoes. 

It  has  already  been  shown  in  the  section  on  Principles 
of  Electricity  and  Magnetism  that  whenever  the  number 
of  magnetic  lines  of  force  threading  through  a  circuit  is 
caused  to  change  in  any  way,  an  E.  M.  F.  is  set  up  in  the 
circuit,  and  the  average  E.  M.  F.  so  generated  depends 
upon  the  average  number  of  lines  of  force  changed  per 
second,  or,  in  other  words,  upon  the  rate  at  which  the  lines 
are  made  to  change.  As  an  example,  take  a  circular  coil  of 
wire.  Lines  of  force  may  be  made  to  thread  through  this 
in  several  ways,  one  way,  for  instance,  being  to  bring  the 
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coil  near  the  pole  of  a  magnet,  and  then  move  it  so  as  to 
cause  the  number  of  lines  passing  through  the  coil  to  vary. 
Consider  the  arrangement  shown  in  Fig.  1457.  Here  the 
circular  coil  C,  shown  in  section, 
is  placed  between  the  poles  iV,  >S 
of  the  electromagnet,  so  that  the 
lines  of  force  indicated  by  the 
arrows  thread  through  its  center. 
If  the  coil  be  moved  up  and  down 
in  the  direction  of  the  large  ar- 
rows, an  E.  M.  F.  will  be  gener- 
ated, which  will  be  indicated  by 
the  voltmeter  J'.  The  E.  M.  F. 
so  generated  will  be  alternating, 
and  the  arrangement  would  con- 
stitute an  elementary  form  of  fic-  H5r. 
alternator.  The  same  effect  would  be  produced  if  the  coil 
were  held  still  and  the  magnet  moved.  Both  these  methods 
are  in  common  use  in  alternators,  in  one  type  the  coils 
being  mounted  on  the  armature  and  revolved  in  front  of 
the  magnet,  while  in  the  other  the  coils  are  held  stationary 
and  the  field  is  revolved. 


3872.     Lines  of  force  may  also  be  made  to  thread  a  coil 
by  sending  a  current  through  the  coil  itself.   Take  a  circular 


III/      \  \      \ 


Fig.  1458. 

coil  as  shown  in  Fig.  1458.  If  a  current  be  sent  through 
such  a  coil,  lines  of  force  will  bo  set  up  as  shown  by  the  dot- 
ted lines.  So  long  as  the  curnnt  reniaiiis  steady,  these  lines 
will  not  change,  and  tli  \  will  tlow  through  the  coil 

just  as  if  it  were  an  otuin.u  n   losistancc,  i.  e.,  the  current 
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would  follow  Ohm's  law ;  and  if  the  voltage  applied  to  the 

terminals  were  E  volts  and  the  resistance  R  ohms,  the  cur- 

E 
rent  would  be  determined  by  the  relation  C  =^  ^^.     If,  how- 

K 

ever,  the  current  is  made  to  vary  in  any  way,  the  number  of 
lines  of  force  threading  the  coil  also  varies,  and  hence  an 
E.  M.  F.  is  set  up  in  the  coil.  This  E.  M.  F.  of  self-induc- 
tion tends  to  oppose  any  change  in  the  current.  Whenever, 
then,  an  alternating  current  is  sent  through  a  circuit  which 
can  set  up  lines  of  force  so  as  to  thread  through  the  circuit, 
a  counter  E.  M.  F.  of  self-induction  is  set  up,  and  the  current 
no  longer  flows  according  to  Ohm's  law,  since  the  effect  of 
the  self-induction  is  to  apparently  increase  the  resistance  of 
the  circuit.  Of  course  there  are  no  self-induction  effects 
present  in  direct-current  circuits,  because  the  current  is 
steady  and  no  induced  E.  M.  F.'s  can  be  set  up.  Circuits 
containing  resistance  can  be  made  which  have  practically  no 
self-induction,  and  these  are  known  as  non-inductive  resist- 
ances. Such  circuits  would  behave  the  same  with  regard  to 
alternating  currents  as  to  direct,  i.  e.,  the  current  flowing 
in  them  would  be  according  to  Ohm's  law.  Water  resist- 
ances and  incandescent  lamps  are  practically  non-inductive. 


CALCULATION   OF   INDUCED  E.  M.  F.'b. 

3873.  Since  the  induced  E.  M.  F.  always  depends  upon 
the  rate  at  which  lines  of  force  are  cut  or  changed,  it  follows 
that  if  the  coil  be  so  situated  that  it  can  readily  set  up  lines 
of  force  through  itself,  the  induced  E.  M.  F.  will  be  large. 
Also,  if  there  be  a  large  number  of  turns  in  the  coil,  the 
E.  M.  F.  will  be  large,  because  each  of  the  turns  will  cut  the 
lines  of  force  threading  the  coil.  The  higher  the  frequency 
of  the  alternations,  the  more  rapid  will  be  the  change  in  the 
lines,  and  hence  the  higher  will  be  the  E.  M.  F.  It  may 
then  be  stated  that  with  a  given  current  flowing  through  a 
coil,  the  induced  E.  M.  F.  will  be  proportional  to  the  total 
number  of  lines  threading  the  coil  (A^),  the  number  of  turns 
(7"),  and  the  frequency  («).  The  formula  giving  the  rela- 
tion between  these  quantities  will  be  derived  later. 
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3874.  The  total  number  of  lines  (N)  which  will  thread 
a  coil  when  a  given  current  is  sent  through  it  depends  upon 
the  number  of  turns  ( 7^)  in  the  coil  and  the  material  by  which 
the  coil  is  surrounded.  In  the  case  shown  in  Fig.  1458,  where 
the  coil  is  surrounded  by  air,  the  self-induction  would  be 
comparatively  low,  because  air  is  a  poor  conductor  of  mag- 
netic lines,  and  with  a  given 
current  in  the  coil,  a  large 
number  would  not  be  set  up 
through  it.  If,  however,  the 
coil  were  surrounded  by  iron, 
as  shown  in  Fig.  1459,  the  self- 
induction  would  be  enormously  increased,  because  lines  of 
force  could  be  set  up  very  readily.  The  number  of  lines 
which  will  be  set  up  depends,  then,  not  only  on  the  current, 
but  also  on  some  other  quantity,  which  takes  account  of  the 
location  of  the  coil  and  the  facility  with  which  lines  of  force 
may  be  set  up  around  it.  This  quantity  is  known  as  the 
coefficient  of  self-induction. 


Fig.  1459. 


3875.  The  coefficient  of  self-induction  for  any  coil  is 
obtained  from  the  following  relation: 

The  product  of  the  total  number  of  lines  N  threading  a  coil 
when  the  current  is  one  ampere  and  the  number  of  turns  in 
the  coil,  divided  by  100,000,000,  or  10\  gives  the  coefficient  of 
self-induction.  The  coefficient  of  self-induction  is  usually 
denoted  by  the  letter  L.  From  the  above,  the  relation 
given  in  formula  614  is  obtained: 

^>^^      '  (614.) 


10" 


=  L, 


where  N  is  the  number  of  lines  corresponding  to  a  current 
of  one  ampere,  f  the  number  of  turns,  and  L  the  coefficient 
of  self-induction.  The  practical  unit  of  self-induction  is 
called  the  henry.  If  a  coil  had  a  coefficient  of  self-induc- 
tion of  one  henry,  it  would  mean  that  if  the  coil-  had  one 
turn,  one  ampere  would  set  up  100,000,000,  or  10",  lines 
through  it,  as  seen  from  formula  614.    If  it  be  assumed  that 
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the  number  of  lines  set  up  increases  directly  with  the  cur- 
rent, formula  614  may  be  written  as  follows: 

magnetic  flux  X  turns       ,  /^^  ^  x 

— ^^ -—^, =  henrys,  (615.) 

current  X  10  ^  ^ 

or,  magnetic  flux  x  turns  =  henrys  x  current  X  10*. 

3876.  The  coefficient  L  for  a  given  coil  is  a  constant 
quantity  so  long  as  the  magnetic  permeability  of  the  mate- 
rial surrounding  the  coil  does  not  change.  This  is  the  case 
where  the  coil  is  surrounded  by  air.  Where  iron  is  present,  the 
coefficient  L  is  practically  constant,  provided  the  magnetism 
is  not  forced  too  high.  In  most  cases  arising  in  practice, 
the  coefficient  L  may  be  considered  to  be  a  constant  quantity, 
just  as  the  resistance  R  is  usually  considered  constant.  The 
coefficient  L  oi  a  coil  or  circuit  is  often  spoken  of  as  its 
Inductance. 

COMPONENTS    OF    IMPRESSED    E.  M.  F. 

3877,  It  has  been  shown  that  the  effect  of  self-induc- 
tion is  to  choke  back  the  current.  It  also  makes  the  circuit 
act  as  if  it  possessed  inertia,  as  the  current  does  not  respond 
at  once  to  the  changes  in  the  applied  E.  M.  F.,  and  thus  lags 
behind.  The  resistance  of  the  coil  also  tends  to  prevent  the 
current  from  flowing,  but  it  does  not  tend  to  displace  the 
current  and  E.  M.  F.  in  their  phase  relations.  In  consider- 
ing the  flow  of  current  through  circuits  containing  resist- 
ance and  self-induction,  it  is  convenient  to  think  of  the 
resistance  and  self-induction  as  setting  up  counter  E.M.F.'s, 
which  are  opposed  to  the  E.  M.  F.  supplied  by  the  alter- 
nator. The  E.  M.  F.  supplied  from  the  alternator  or  other 
source  must  then,  in  the  case  of  alternating-current  circuits, 
overcome  not  only  the  resistance,  but  also  the  self-induc- 
tion. In  the  case  of  continuous-current  circuits,  the  resist- 
ance only  has  to  be  taken  into  account.  In  every  case, 
then,  where  an  impressed  E.  M.  F.  encounters  both  resist- 
ance and  self-induction  in  a  circuit,  it  may  be  looked  upon 
as  split  up  into  two  components,  one  of  which  is  necessary 
to  overcome  the  resistance  and  the  other  the  self-induction. 
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COMPONENT   OVERCOMING   RESISTANCE. 

3878.  It  will  readily  be  seen  that  the  component  of  the 
impressed  E.  M.  F.  which  is  necessary  to  overcome  the  resist- 
ance must  ahvavs  be  in  phase  zvith  the  current.  The  E.  M.  F. 
used  in  overcoming  resistance  is,  from  Ohm's  law,  E  =^  RC. 
Hence,  when  the  current  is  zero  E  is  zero,  and  when  C  is 
a  maximum  ^  is  a  maximum.  The 
imaginary  counter  E.  M.  F.  which  the 
resistance  offers  is  directly  opposed  to  the 
current,  consequently  that  component 
of  the  impressed  E.  M.  F.  necessary  to 
/'     t  \^  overcome    the    resistance    must   be    in 

phase  with  the  current. 


\ 


/ 


\ 


■^.r* 


hist 


/ 


/ 


C-¥ 


V  •«•-, 


l;w    o 


A^^ 
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COMPONENT   OVERCOMING   SELF- 
INDUCTION. 

3879.  It  is  now  necessary  to  deter- 
mine the  phase  relation  of  that  part  or 
component  of  the  impressed  E.  M.  F. 
which  is  necessary  to  overcome  the  self- 
induction. 

The  component  of  the  impressed 
E.  M.  F.  necessary  to  overcome  self- 
induction  is  at  right  angles  to  the  cur- 
rent  and  90°  ahead  of  the  current  in 
phase.  This  may  be  shown  by  refer- 
ring to  Fig.  1460.  Let  the  Wn^oa  and 
the  corresponding  wave  shown  by  the 
full  line  represent  the  current  flowing 
in  the  circuit.  The  magnetism  pro- 
duced by  the  current  will  increase  and 
decrease  in  unison  with  it.  and  hence 
may    be  represented  i  light-line 

wave  in  phase  with  the  current.  Now 
it  has  been  shown  that  the  induced 
E.  M.  F.  is  proportional  to  the  rate  at 
which  the  magnetism  changes,  and  it  will  be  seen  from 
the  figure  that  the  magnetism  is  changing  most  rapidly  at 
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the  points  a  and  r,  where  the  magnetism  curve  cuts  the  axis, 
because  there  is  a  much  greater  change  between  two  points 
such  as  e  and  c  than  there  is  between  d  and  d' .  It  follows, 
then,  that  when  the  current  and  magnetism  are  passing 
through  their  zero  values,  the  induced  E.  M.  F.  is  at  its 
maximum  value;  consequently  it  must  be  at  right  angles  to 
the  current. 

3880.  It  is  now  necessary  to  determine  whether  this 
induced  E.  M.  F.  is  90°  ahead  of  the  current  or  behind  it. 
When  the  current  is  rising  in  the  circuit,  the  induced E.  M.  F. 
is  always  preventing  its  rise;  hence,  it  may  be  represented 
by  the  dotted  curve.  Fig.  1400,  90°  beJtind  the  current.  By 
examining  this  curve,  the  student  will  see  that  the  induced 
E.  M.  F.  it  represents  opposes  any  change  in  the  cur- 
rent. This  induced  E.  M.  F.  may  be  represented  by  the 
line  oc  90°  behind  oa.  The  component  of  the  impressed 
E.  M.  F,  necessary  to  overcome  the  self-induction  will  be 
the  equal  and  opposite  of  this,  and  will  be  represented  by 
the  line  o  b  90°  ahead  of  o  a.  The  E.  M.  F.  to  overcome  the 
self-induction  is  also  shown  by  the  dot  and  dash  curve. 
The  student  must  keep  in  mind  the  distinction  between  the 
E.  M.  F.  of  self-induction  and  the  E.  M.  F.  necessary  to 
overcome  self-induction ;  the  former  is  90°  behind  the  cur- 
rent in  phase,  while  the  latter  is  90°  ahead  of  the  current. 

3881.  In  the  above  it  has  been  assumed  that  the  mag- 
netism is  exactly  in  phase  with  the  current.  This  is  not 
always  the  case  where  iron  is  present,  as  the  hysteresis  in 
the  iron  causes  the  magnetism  to  lag  a  little  behind  the  cur- 
rent. It  is  true  exactly  for  all  circuits  containing  no  iron, 
and  sufficiently  true,  for  all  practical  purposes,  for  iron  cir- 
cuits as  well. 

CIRCUITS     CONTAINING      RESISTANCE     AND 
SELF-INDUCTION. 

3882.  From  the  above  it  will  be  seen  that  in  circuits  con- 
taining resistance  and  self-induction,  the  impressed  E.  M.  F. 
may  always  be  split  up  into  two  components,  one  necessary 
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to  overcome  the  resistance  (equal  to  R  C  and  in  phase  with 
the  current),  and  the  other  necessary  to  overcome  the 
self-induction  90°  in  advance  of  the  current.  The  effective 
value  of  the  induced  E.  M.  F.  may  be  calculated  as  follows, 
when  the  inductance  L  is  known:  If  the  maximum  mag- 
netic flux  is  N,  this  total  flux  is  cut  four  times  by  the  coil 
during  each  cycle;  i.  e.,  the  flux  increases  from  zero  to  N, 
then  decreases  to  zero,  increases  to  A''  in  the  negative  direc- 
tion, and  finally  decreases  to  zero  again.  Now,  by  defini- 
tion, the  average  volts  induced  in  the  coil  must  be  equal  to 
the  average  number  of  lines  of  force  ctit  per  second,  divided  by 
10'  (see  section  on  Applied  Electricity,  Art.  31 04).  If  the 
coil  has  T' turns  and  the  frequency  is  w  cycles  per  second, 
the  average  number  of  lines  of  force  cut  by  all  the  turns 
per  second  will  be  ^NTn^  and  the  average  \o\ts  induced 
will  be 

-gav.=      ^^3     ,  (616.) 

or,  since  the  effective  volts  is  equal  to  1.11  times  the  aver- 
age volts, 

rr      ■           1           7-,      4.44  N  Tn  /«-.  _  v 

effective  volts  =  Z:  = —5 .  (617.) 

3883.  The  above  formula,  giving  the  relation  between 
the  induced  effective  volts  E,  the  frequency  «,  the  number 
of  turns  Z",  and  the  flux  N^  is  important,  as  it  is  used 
repeatedly  in  connection  with  alternator,  induction  motor, 
and  transformer  design.  It  may  be  expressed  as  follows: 
Whenever  a  magnetic  flux  is  made  to  vary  through  a  circuit 
so  as  to  induce  a  sine  E.  M.  F. ,  the  effective  value  of  the 
E.  M.  F.  so  induced  is  equal  to  4-  44  times  the  product  of  the 
viaximujti  flux  N^  the  number  of  turns  T  connected  in  series, 
and  the  frequency  «,  divided  by  W. 

3884.  If  the  inductance  of  a  circuit  is  /.  hcnrys,  we 
have,  from  formula  615, 

max.  magnetic  flux  X  number  of  turns 


max.  current  X  10* 


^L. 


I/.  /;.    i\  —32 
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If   C  is  the  effective  current  flowing  in   the  circuit,  the 
maximum  current  must  be  C \/'^,  because  C  =  — -=  C  =  .  707  C. 


Hence,  ^    /^  =  L,  (618.) 

C/2X10« 

or  N'T=C\^L10\         (619.) 

But  from  formula  617,  the  effective  E,  M.  F., 

■p_^A^Nn  T_     ^  .636  ^^_         /2       NTn 

10^         -  ^Qs  "     ^     2    ^     10"   • 


Note. — In  the  above  equation,  the  coefficient  4.44  =  4  X  l-H  =  4  X 
1 

l1^  =  4  X  "V-     See  Arts.  3866  and  3867. 
.636  j^ 

vr 

Substituting  for  iVT'the  value  given  by  formula  619, 

1 

£  =  4  X  -^-T-  X  n  C  \/^L. 


E=^%T.nLC.  (620.) 

This  may  be  expressed  as  follows :  Whenever  an  alterna- 
ting current  of  C  amperes  {^effective')  is  sent  through  a  circuit 
of  inductance  L  henry s,  the  value  of  tJie  induced  E.  M.  F.,  in 
effective  volts,  is  equal  to  2-  times  the  product  of  the  fre- 
quency n,  the  inductance  L,  and  the  effective  current  C. 


REACTANCE  AND  IMPEDANCE. 

3885.  It  will  be  seen  from  the  above  that  in  order  to 
obtain  the  volts  necessary  to  overcome  self-induction,  the 
current  is  to  be  multiplied  by  the  quantity  '^r.nL.  In 
order  to  obtain  the  E.  M.  F.  necessary  to  overcome  resist, 
ance,  the  current   C  is  multiplied  by  the  resistance  R.     It 
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follows,  then,  that  the  quantity  Ir.nL  is  of  the  same  nature 
as  a  resistance  and  is  used  in  the  same  way  as  a  resistance. 
The  quantity  ^tzjiL  is  called  the  reactance  of  the  circuit,  and, 
like  resistance,  is  measured  in  ohms. 

The  reactance  of  any  inductive  circuit  is  equal  to  2  it  times 
the  frequency  times  the  inductance  L  expressed  in  Jicnrys. 

3886.  Take  the  example  shown  in  Fig.  1461.  The 
alternator  A  is  connected  to  a  coil  or  circuit  a  b,  as  shown, 
the  inductance  of  which  is  .5  henry.      The  resistance  of  the 


Inductance 

L^.S  Henry 

Resistance  =  0 


Fig.  1461. 

circuit  will  be  taken  as  negligible.  The  frequency  of  the 
E.  M.  F.  furnished  by  the  alternator  is  GO.  Required  the 
E.  M.  F.  necessary  to  force  a  current  of  3  amperes  through 
the  circuit.     The  induced  counter  E.  M.  F.  set  up  will  be 

.S^  =  2  r  «  Z  r  =  2  r  X  60  X  .  5  X  3  =  565  volts. 

Hence,  in  order  to  set  up  the  current  of  3  amperes,  the 
alternator  must  furnish  an  E.  M.  F.  of  5G5  volts.  This 
example  shows  one  difference  in  the  behavior  of  an  alter- 
nating and  a  direct  current.  The  E,  M.  F.  required  to  set  up 
a  continuous  current  of  3  amperes  through  a  circuit  such  as 
this,  of  very  small  resistance,  would  be  exceedingly  small, 
whereas  it  requires  an  alternating  E.  M.  F.  of  565  volts  to 
set  up  the  same  current.  In  other  words,  if  a  continuous 
pressure  of  565  volts  were  applied  to  the  coil,  the  resulting 
current  would  be  enormous.  Instances  of  this  effect  are 
met  with  very  commonly  in  connection  with  transformers. 
The  primary  coil  of  a  transformer  has  a  high  self-induct- 
ance,  so   that   when   it   is   connected   to   the  alternating- 
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current  mains  only  a  very  small  current  flows.  If  the  same 
transformer  were  connected  to  continuous-current  mains, 
it  would  be  at  once  burnt  out,  on  account  of  the  large  cur- 
rent which  would  flow. 

3887.  In  the  above  example,  the  circuit  was  supposed 
to  have  negligible  resistance,  so  that  the  whole  of  the 
applied  E.  M.  F. ,  5G5  volts,  was  used  to  overcome  the  self- 
induction.  This  being  the  case,  it  follows  that  the  E.  M.  F. 
applied  by  the  alternator  must  be  90°  ahead  of  the  current. 
The  state  of  affairs  existing  in  the  circuit  may,  therefore, 
be  represented  as  in  Fig.  1462.  Lay  off  to  scale  the  value 
b 


»9 


\ 


M 


3  Amp. 


10*1 

Fig.  1462. 

of  the  current  oa  (so  many  amperes  per  inch)  in  the 
direction  of  the  line  o  x.  The  induced  E.  M.  F.  =z  '2  -  n  L  C  =^ 
565  volts  must  then  be  represented  by  the  line  o  b'  (so  many 
volts  per  inch)  90°  behind  o  a,  and  the  equal  and  opposite 
of  this,  o  b,  90°  ahead  of  o  a,  will  represent  the  E.  M.  F. 
which  the  alternator  must  supply  to  overcome  the  E.  M.  F. 
of  self-induction.  Of  course,  in  actual  practice  it  is  impos- 
sible to  obtain  a  circuit  which  has  no  resistance  as  assumed 
in  the  above  example ;  but  if  the  reactance  1-  n  L  is  very 
large  as  compared  with  the  resistance,  a  condition  quite 
frequently  met  with,  the  effect  obtained  in  the  circuit  would 
be  quite  closely  represented  by  Fig.  1462. 

3888.     In  a  large  number  of  cases  the  circuits  met  with 
in  practice  will  contain  both  resistance  and  self-induction, 
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and  the  simple  case  shown  in  Fig;.  1402  will  not  apply. 
Take,  for  example,  the  case  shown  in  Fig.  1463.  The 
alternator  A  is  supplying  an  E.  M.  F.  £,  which  is  setting 
up  a  current  C  through  the  circuit  a  I;.  This  circuit  pos- 
sesses both  resistance  R  (ohms)  and  inductance  L  (henrys). 


)Reai»tan<:e=B 
)lnductanice'L 


Fig.  14*>3. 
In  such  a  circuit  it  might  be  desired  to  find  the  impressed 
E.  M.  F.  necessary  to  set  up  a  given  current;  or,  given  the 
impressed  E.  M.  F.,  to  find  the  current.  Suppose  it  is  re- 
quired to  find  the  impressed  E.  ^l.  F.  E  necessary  to  set  up 
a  given  current  C.  The  E.  M.  F.  required  must  be  the 
resultant  sum  of  the  E.  M.  F.  required  to  overcome  the  resist- 
ance and  that  required  to  overcome  the  self-induction.  The 
former  must  be  equal  to  R  C\  and  must  also  be  in  phase 
with  the  current,  while  the  latter  is  equal  to  the  product  of 
the  current  and  reactance  'I  -  n  L  C  and  must  be  90* 
ahead  of  the  current.  In  Fig.  1404  oa  is  therefore  laid  off 
h 


Curren 


C  B 


Fig.  14&4. 


to  rctMPsent  C R  in  the  same  direction  as  the  cnrreiU  ;  and 
o/.  ad  of  tbe  current,  is  laid  off  equal  /,  c. 

The  impressed  E.  M.  F.  £  must  be  the  resultant  of  oii  and 
o  b,  or  the  diagonal  oc.  The  diagonal  r'r.  therefore,  repre- 
sents the  E.  M.  F.  set  up  by  the  alt'  he  same 
scale  that  oa  and  od  represent  the  other  E.  M.  F.'s.     The 
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diagram  also  shows  that  the  current  oa  lags  behind  the 
impressed  E.  M.  F.  by  the  angle  ^,  and  it  is  also  seen  that  if 
the  circuit  had  no  inductance,  the  line  c  a  would  become 
zero,  and  the  E.  M.  F.  would  swing  into  phase  with  the 
current. 

3889.  Instead  of  using  a  complete  parallelogram,  as 
in  Fig.  14G4,  triangles  are  commonly  used  to  show  the  rela- 
tions between  the  different  E.  M.  F.'s.  The  right-angled 
triangle,  Fig.  14G5,  shows  the  same  relations  as  the  parallelo- 
gram. Fig.  14G4.  o  a  =.  C R  represents  the  E.  M.  F.  to 
overcome  resistance,  ac  that  to  overcome  self-induction, 
and  0  c  \s  the  resultant.     It  should  be  remembered  that  the 


^51 


CM  E.M.F.  to  overcome  Resistance. 

Fig.  1465. 

line  ac  is  transferred  from  o d,  and  consequently  represents 
an  E.  M.  F.  90°  ahead  of  o a.  Since  the  angle  oac  is  a  right 
angle,  it  follows  that 

£''=OR'+4.7r'n'rC\  (621.) 

or  S  =  VC'R'  +  4:7r'n'L'C'  (622.) 


or  £  =  C\/R'  4-  (2  n  7i  L)\  (623.) 

That  is,  the  impressed  E.  M.  F.  E  necessary  to  maintain  a  cur- 
rent C  in  a  circuit  of  resistance  R  and  inductance  L  is  equal 
to  the  product  of  the  current  C  into  the  square  root  of  the  sum 
of  the  squares  of  the  resistance  R  and  the  reactance '%  -  n  L. 

The  quantity  V'/v^^  -j-  (2  n  n  Ly  is  called  the  impedance  of 
the  circuit.  The  impedance  of  a  circuit  is  equal  to  the  square 
root  of  the  sum  of  the  squares  of  the  resistance  and  reactance. 
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3S90.     The  relation  between  resistance,  reactance,  and 
impedance  is  shown  by  the  right-angled  triangle,  Fig.  146G. 
The     following     definitions 
may  also  be   given  of  impe- 
dance, reactance,  and  resist- 
ance: 

Impedance   is  that   quan- 
tity whicJi  multiplied  by  the 

current  Hves  the  impressed  ^  i?e«f«f«,«-e=ij 

^  ^  Fig.  1466. 

E.  M.  F. 

Reactance  is  that  quantity  which  multiplied  by  the  cur- 
rent gives  that  component  of  the  impressed E.  M.  F.  which  is  at 
right  angles  to  the  current. 

Resistance  is  that  quantity  which  multiplied  by  the  cur- 
rent gives  that  component  of  the  impressed  E.  M.  F.  which  is 
in  phase  with  the  current. 

Impedances^  like  resistances  and  reactances^  are  expressed  in 
ohms. 

3891.     In  dealing  with  continuous-current  systems,  the 

relation   between   the  current,  resistance,  and   E.  M.  F.  is 

F   M   F 
fully  given  by  Ohm's  law,  i.  e.,  current  =  — '-. — '- — '—.    Ohm's 
J  ^  J  resistance 

law  can  not,  however,  be  applied  in  this  form  to  alternating- 
current  circuits,  but  from  formula  623  becomes 

-  E 

^  =  ^R^-\-^n'n'D'  ^^'^^') 

E.  M.  F. 

or  current  = 


impedance' 

and  the  current  no  longer  depends  simply  upon  the  E.  M.  F. 
and  resistance,  but  depends  also  on  the  inductance  L  and 
the  frequency  n.  If  n  becomes  zero,  i.  e.,  if  the  alterna- 
tions become  slower  and  slower  until  the  current  finally 
becomes    continuous,    the    term    4  -*  «*  Z."    drops   out    and 

E  E 

formula  624  reduces  to  C= .ov  C  ■=  -o-     Also,  if  the 

circuit  is  non-inductive,  i.  e.,  if  L  =  0,  the  formula  reduces 


2598 


THEORY  OF  ALTERNATING 


to  Ohm's  law,  and  the  current  may  be  obtained  by  simply 
dividing  the  E.  M.  F.  by  the  resistance,  as  is  the  case  with 
continuous  currents. 


ANGLE   OF   LAG. 

3892.  From  the  triangle,  Fig.  1466,  it  will  be  seen  that 
the  current  which  is  in  the  direction  of  o  a  lags  behind 
the  impressed  E.  M.  F.  in  the  direction  of  o  d  by  the  angle 

2  TT  W  / 

0.     The  tangent  of  this  angle  ^  is  equal  to  75 — - ;  hence, 

if  the  resistance  and  reactance  are  both  known,  the  angle  of 

lag  may  be  calculated.      From  the  relation  tan  ^  =  • — = — , 

it  is  seen  that  the  larger  2-nL  is,  compared  with  R,  the 
larger  will  be  the  angle  of  lag,  and  if  the  reactance  2nn  L 
is  small  in  comparison  with  R,  the  angle  #  will  be  small, 

or  the  current  will  be  nearly  in 
phase  with  the  impressed  E.  M.  F. ; 
hence: 

In  a  circuit  containing  resistance 
and  self-induction,  the  current  lags 
behind  the  impressed  E.  M.  F. ,  the 
avwiint  of  the  lag  depending  upon 
the  relative  magnitude  of  the  resist- 
^  ance  ajid  reactance. 


*  Example.  — An  alternator  is  connected 
ci^  to  a  circuit  having  a  resistance  of  20 
ohms  and  an  inductance  of  .10  henry. 
The  frequency  is  60  cycles  per  second. 
What  must  be  the  E.  M.  F.  furnished  by 
the  alternator  in  order  to  set  up  a  cur- 
rent of  10  amperes  in  the  cii"cuit  ? 

Solution. — The    required    E.  M.  F. 
must  be  the  resultant  of  the  E.  M.  F. 
CB=200  necessary  to  overcome  resistance,  i.  e., 

Fig.  1467.  i?  C  =^  20  X  10  =  200  volts,  and  that  neces- 

sary to  overcome  the  self-induction.  The  latter  is  equal  to  the  react- 
ance multiplied  by  the  current,  or  2  t  «  Z  C=  2  X  3.14  X  60  X  -1  X 
10  —  376.8   volts.      The    impressed    E.  M.  F.    E  is  the   resultant,   or 
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E=  1/200- +  376.8-^  =  426.5,  nearly.     These    E.  M.  F.'s  are   related   as 
shown  in  Fig.  1467,  and  the  resultant  E  may  either  be  found  by  calcula- 
tion as  above  or  it  may  be  scaled  from  the  figure.    The  required  E.  M.  F. 
which  must  be  supplied  by  the  alternator  is,  therefore,  426.5  volts. 
The  current  in  the  circuit  will  lag  behind  the  E.  M.  F.  by  an  angle  *, 

2rr,>/  / 
the  tangent  of  which  is  — — —  =  l.^'S.     By  looking  up  the  angle  in  a 

table  of  tangents,  it  is  found  to  be  a  little  over  62".  This  means,  then, 
that  in  this  particular  circuit  the  current  does  not  come  to  its  maximum 
value  till  a  little  over  \  uf  a  period  behind  the  E.  M.  F.  Since  the 
current  passes  through  60  cycles  per  second,  it  follows  that  the  current 
in  this  case  rises  to  its  maximum  value  about  -^  of  a  second  after 

the  E.  M.  F.  

The  impedance  of  the  circuit  is  |/20-  +  37.68-  =  42.65  ohms,  and  this 
multiplied  by  the  current  gives  426.5  volts,  the  impressed  E.  M.  F. 

Ans. 

3893.  The  above  problem  might  also  come  up  in 
another  form:  The  impressed  E.  M.  F.  being  given,  to  de- 
termine the  current.      From  formula  624, 

^  ~  ~7  r»    I     .      1     ■,  T1  '  (625.) 

so  that,  if  E  is  given  C  can  be  easily  determined,  R  and  L 
being  known  quantities. 

If  there  were  no  inductance  in  the  circuit,  the  E.  M.  F. 
required  would  be  in  accordance  with  Ohm's  law,  or  20  X  10  = 
200  volts,  which  is  less  than  half  the  voltage  required  when 
the  inductance  is  present. 

If  there  were  no  resistance  present,  the  tangent  of  the  angle 

of  lag  would  be  — - —  =  00,  or  the  angle  of  lag  would  be  90°, 

all  the  impressed  E.  M.  F.  being  used  in  overcoming  the 
inductance. 


EFFECTS    ()l-    C  VI'ACITY. 

3894.  There  is  another  property  of  electric  circuits 
which  has  to  be  considered  in  connection  with  the  flow  of 
alternating  currents  and  which,  like  self-induction,  does  not 
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enter  into  the  consideration  of  the  flow  of  continuous  cur- 
rents. The  property  which  most  circuits  possess  to  a  greater 
or  less  degree  of  holding  a  certain  charge  or  quantity  of 
electricity  is  known  as  electrostatic  capacity,  and  this,  in 
some  cases,  has  a' marked  influence  upon  the  behavior  of  an 
alternating  current  flowing  in  the  circuit.  The  capacity 
of  most  circuits  met  with  in  practice  is  quite  small  in  com- 
parison with  their  resistance  and  inductance,  consequently 
its  effect  is  not  usually  so  noticeable;  however,  in  some 
cases,  especially  in  underground  cable  work,  these  effects 
become  important,  and  it  is  necessary  to  study  briefly  the 
behavior  of  an  alternating  current  when  capacity  is  pres- 
ent in  the  circuit. 

3895.  If  capacity  is  needed 
for  any  particular  purpose,  it  is 
usually  made  up  by  taking  a  large 
number  of  sheets  of  tin-foil  and 
separating  them  by  alternate  sheets 
of  Avaxed  paper,  mica,  or  other  insu- 
lating material.  The  whole  mass  is 
pressed  tightly  together,  one  set  of 
^^°'^^^^'  sheets    constituting    one    terminal, 

and  the  alternate  set  the  other,  as  shown  in  Fig.  1468,  where 


_^ 


Fig.  1469. 
p  represents  the    tin-foil  sheets,   i  the    insulating  material 
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between,  and  T  the  terminal  posts.  Such  an  arrangement  is 
called  a  condenser.  It  should  be  noticed,  in  passing,  that 
there  is  no  electrical  connection  between  the  two  sets  of 
plates.  Condensers,  like  resistances,  are  usually  placed  in  a 
box  and  divided  up  into  sections,  which  may  be  cut  in  or  out 
at  will. 

Fig.  1469  shows  a  condenser  provided  with  switches  s,  s 
for  cutting  different  sections  in  or  out,  and  so  varying  the 
capacity.  Condensers  have  been  used  to  some  extent  com- 
mercially in  connection  with  alternating-current  motors,  and 
their  use  on  telegraph  circuits  is  quite  usual. 

3896.  Capacities  may  be  connected  in  parallel  as  shown 
in  Fig.  1470,  or  in  series  as  in  Fig.  1471. 

If  two  capacities  are  connected  in  parallel, 
the  capacity  of  the  two  combined  is  equal  to  the 
su7n  of  the  separate  capacities. 

If  J^  and  y„  Fig.  1470,  are  the  separate 
capacities,  the  combined  capacity^  is  equal  to 
J\  +-/»•  '^^^  same  holds  true  for  any  number 
of  capacities  connected  in  parallel. 

If  txvo  capacities  are  connected  in  series,  the 
reciprocal  of  the  combined  capacity  is  equal  to  the  sum  of  the 
reciprocals  of  the  separate  capacities. 


•r» 


Pig.  1470. 


Fig.  1471. 


If  7",  and  /„   Fig.  1471,  are  the  separate  capacities,  the 
combined  capacity  is  obtained  from  the  expression 


i  =  i  +  i 


(626.) 


This  may  also  be  applied  to  any  number  of  capacities  con- 
nected in  series.     By  comparing  the  above  with  the  laws 
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governing  resistance  of  conductors,  in  the  section  on  Prin- 
ciples of  Electricity  and  Magnetism,  the  student  will  see  that 
when  combined  in  series  and  parallel  sets,  capacities  act  just 
the  opposite  to  resistances. 

389T,  Long  transmission  lines<have  an  appreciable  capac- 
ity, the  two  wires  constituting  the  plates  of  the  condenser, 
and  the  capacity  of  underground  cables  is  often  quite  large. 
In  the  latter  case  the  copper  conductor  constitutes  one  plate 
of  the  condenser  and  the  outer  sheath  of  the  cable  the  other- 


Fig.  1472. 


CONDENSER  CHARGES. 

3898.  If  a  battery  be  connected  to  the  terminals  of  a 
condenser,  as  shown  in  Fig.  1472,  a  current  will  flow  into  it 
and  the  plates  will  become   charged.     The  flow   of  current 

will  be  a  maximum  the  instant  the 
E.  M.  F.  is  applied,  but  will  rapidly 
fall  off,  so  that,  in  a  small  fraction  of 
a  second,  the  current  will  practically 
have  ceased  flowing  and  the  con- 
denser will  be  charged.  This  will  be 
the  state  of  affairs  so  long  as  the  con- 
denser remains  connected  to  the  bat- 
tery ;  i.  e. ,  except  for  the  instant  when 
the  battery  is  first  connected,  no 
current  will  flow,  and  the  circuit  will  act  simply  as  if  it  were 
broken.  The  condenser  acts  as  if  it  had  acquired  a  counter 
E.  M.  F.,  tending  to  keep  the  current  out,  and  this  counter 
E.  M.  F.  becomes  greater  until,  when  the  condenser  is 
charged,  it  is  equal  and  opposite  to  that  of  the  battery.  If 
the  battery  be  disconnected  and  the  terminals  of  the  con- 
denser connected  together,  the  charge  will  flow  out  and  will 
result  in  a  current  of  short  duration.  This  current  will  be  a 
maximum  when  the  terminals  are  first  connected,  but  it  soon 
falls  to  zero. 

3899.  The  unit  of  capacity  is  called  the  farad. 

If  a  condenser  be  of  such  dimensions  that  a  current  of  one 
ampere  flowing   into   it  for  one  secotid  causes  the  pressure 
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across  its  terminals  to  rise  one  volt,  its  capacity  is  said  to  be 
one  farad. 

The  flow  of  current  into  a  condenser  will  always  continue 
until  the  counter  E.  M.  F.  of  the  condenser  is  equal  and  op- 
posite to  the  E.  M.  F.  of  the  battery  or  generator  \o  which 
the  condenser  is  attached.  A  condenser  sufficiently  large 
to  hold  the'  quantity  of  electricity  represented  by  one 
coulomb  (one  ampere  for  one  second),  with  a  rise  of  potential 
of  one  volt,  would  have  to  be  of  enormous  dimensions.  The 
farad  is,  therefore,  too  large  a  unit  for  convenient  use,  and 
instead  of  it  the  practical  unit,  the  microfarad,  has  been 
adopted. 

Otie  microfarad  is  equal  to  one  one-millionth  of  a  farad. 
It  must  be  remembered  that  the  microfarad  is  used  only  for 
convenience,  and  that  in  working  out  problems,  capacities 
must  always  oe  expressed  in  farads  before  substituting  in 
formulas,  because  the  farad  is  chosen  with  respect  to  the 
volt  and  ampere,  and  hence  must  be  used  in  formulas  along 
with  these  units.  For  example,  a  capacity  of  10  micro- 
farads as  given  in  a  problem  would  be  substituted  in  for- 
mulas as  .000010  farad. 

3900.  In  connection  with  condensers  and  capacities,  it 

is  often  necessary  to  make  use  of  the  unit  denoting  quantity 
of  charge.  The  unit  of  quantity  is  the  coulomb,  which 
has  already  been  defined  in  the  section  on  Principles  of 
Electricity  and  Magnetism.  It  will  be  convenient  to  repeat 
here  some  of  the  definitions  given,  in  order  to  assist  in 
a  thorough  comprehension  of  that  which  follows.  The 
coulomb,  then,  represents  that  quantity  of  current  which 
passes  through  a  circuit  when  the  average  rate  of  flow  is 
one  ampere  for  one  second,  li  Q  =  quantity  of  electricity, 
or  charge,  in  coulombs  which  a  condenser  takes  up  in  / 
seconds,  the  average  current  during  the  time  /  must  have 
been 

C=-^.  (627.) 

3901.  If  a  condenser  /,  Fig.  1473,  be  connected  to  an 
alternator,  a  current  will  flow  into  and  out  of  it,  because  the 
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E.  M.  F.  at  its  terminals  is  constantly  changing.  If  an  am- 
meter M  is  connected  in  the  circuit,  it  will  give  a  reading 
just  as  if  the  alternator  were  sending  a  current  through  an 
ordinary  circuit,  whereas  there  is  really  no  electrical  con- 
nection between  the  terminals  of  the  condenser  y,  and  if 


Fig.  1473. 

it  were  connected  to  a  continuous-current  dynanio,  the  am- 
meter M  would  give  no  reading  whatever.  What  really 
occurs  is  a  surging  of  current  into  and  out  of  the  condenser. 


COIVDENSER  E.   M.  F. 

3902.  Let  the  full-line  curve,  Fig.  1474,  represent  the 
current  which  flows  into  and  out  of  a  condenser  when  a 
sine  E.  M.  F.  is  impressed  on  its  terminals.      This  current 


Fig.  1474. 

will,  of  course,  have  a  frequency  equal  to  that  of  the  alter- 
nator to  which  the  condenser  is  attached.  It  will  require  a 
certain  impressed  E.  M.  F.  to  cause  this  current  to  flow, 
just  as  it  required  an  E.  M.  F.  to  overcome  the  inductance 
of  a  circuit.  The  problem  now  is  to  determine  the  value  of 
this  E.  M.  F.  and  its  phase  relation  with  regard  to  the 
current. 

The  E.  M.  F.  required  to  set  up  this  current  will  be  the 
equal  and  opposite  of  the  E.  M.  F.  of  the  cotidenscr,  just  as 
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the  E.  M.  F.  to  overcome  self-induction  was  the  equal  and 
opposite  of  the  E.  M.  F.  of  self-induction. 

3903.  It  has  already  been  shown  that  when  the  flow  of 
current  into  the  condenser  is  a  maximum  the  counter 
E.  M.  F,  of  the  condenser  is  zero,  and  when  the  flow  finally 
becomes  zero  the  counter  E.  M.  F.  is  a  maximum.  It  fol- 
lows, therefore,  that  the  wave  representing  the  E.  M.  F.  of 
the  condenser  is  at  right  angles  to  the  current.  The  fact  as 
to  whether  it  is  00°  ahead  of  or  behind  the  current  may  be 
decided  as  follows:  When  the  current  is  flowing  into  the 
condenser,  the  counter  E.  M.  F.  is  continually  increasing  in 
such  a  direction  as  to  keep  it  out.  The  curve  representing 
the  E.  M.  F.  of  the  condenser  must  cross  the  axis  at  the  point 
b.  Fig.  1474,  because,  as  shown  above,  this  curve  is  at  right 
angles  to  the  current  curve.  During  the  interval  of  time 
from  b  to  c,  the  current  is  decreasing,  so  that  during  this 
interval  the  counter  E.  M.  F.  of  the  condenser  must  be  in- 
creasing in  the  opposite  direction,  and  is  therefore  repre- 
sented by  the  dotted  curve,  which  is  90°  ahead  of  the  current. 
The  impressed  E.  M.  F.  necessary  to  overcome  that  of  the 
condenser  must  be  the  equal  and  opposite  of  this,  or  90°  behind 
the  current.  This  latter  E.  M.  F.  is  shown  by  the  dot  and 
dash  curve.  The  lines  in  the  dia-  f 
gram  at  the  left  show  these  phase 
relations,  the  line  oa  representing 
the  current,  oc  the  E.  M.  F.  of  the 
condenser,  and  o  b  the  impressed  o- 
E.  M.  F.  to  overcome  that  of  the 
condenser. 

Hence,   in   a   circuit  containing 
capacity   only^    the  current   is  90°    b  fi«-  h^- 

ahead  of  the  impressed  E.  M.  F. ,  or  the  E.  M.  F.  necessary 
to  set  up  a  current  in  such  a  circuit  is  90°  behind  the  current 
in  phase. 

In  Fig.  1475  the  current  is  represented  by  the  line  O  a 
and  the  impressed  E.  M.  F.  necessary  to  maintain  the  cur- 
rent by  O  b,  90°  behind  Oa.     The  counter  E.  M.  F.  of  the 


r%. 


-►a 
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condenser   itself   Avould    be  represented   by   O  c,  equal  and 
opposite  to  O  b,  and  hence  90°  ahead  of  the  current. 

3904.  The  student  will  note  from  the  above  that  the 
effect  of  capacity  in  a  circuit  is  exactly  the  opposite  of  self- 
induction.  Capacity  tends  to  make  the  current  lead  the 
E.  M.  F.,  while  self-induction  causes  it  to  lag.  When  both 
self-induction  and  capacity  are  present  in  a  circuit,  one 
tends  to  neutralize  the  other. 

3905.  The  E.  M.  F.  in  volts  (effective)  necessary  to 
overcome  the  capacity  or  condenser  E.  M.  F.  in  a  circuit  may 
be  calculated  as  follows  : 

If  the  capacity  of  the  condenser  be^ farads  and  a  maximum 
E.  M.  F.  E  be  applied  to  its  terminals,  it  will  take  up  a 
maximum  c\isivg&  Q  ^=  J  E  coxxXomhs.  The  E.  M.  F.  passes 
through  n  cycles  per  second,  i.  e.,  the  condenser  is  charged 
up  to  a  maximum  in  one  direction,  then  discharged,  and  the 
process  repeated  in  the  opposite  direction,  n  times  per  second. 
The  average  rate  of  charge  and  discharge  is,  therefore,  4  n, 
i.  e.,  4  11  times  per  second. 

7t 

The  maximum  rate  =  average  rate  X  -r;  hence,  the  maxi- 

Z 

4:  u  yc  7t 
mum  rate  of  charge  and  discharge  is^ =  2  tt  ;/.     The 

maximum  charge  is/ E,  and  if  the  maximum  rate  of  charge 
is  3~«,  the  maximum  current  must  be 

C  =  JE^7rn.  (628.) 

Hence,  ^  =  ^i^-  (629.) 

This  formula  gives  the  relation  between  the  maximum 

E.  M.  F.  and  maximum  current.      The  effective  E.  M.  F.  is 

equal  to  the  maximum  divided  by  4/2.      Dividing  each  side 

of  the  equation  by  |/2,  we  have 

E  C  _      _       1 

-7=  = 7-7=;  or,  E  —  Ci, 7;  (630.) 

so  it  is  seen  that  this  equation  also  gives  the  relation  between 
the  effective  E.  M.  F.  and  current.  * 
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CAPACITY    RKACXAXCE. 

3906.     The    quantity    ^r r    is    called    the    capacity 

■^     2  -  ttj  "^ 

reactance,  as  it  is  analogous  to  the  reactance  InyiL  in 
circuits  where  self-induction  is  present.  It  has  also  been 
called  the  condensance  by  some  writers. 

Example. — Required  the  E.  M.  F.  necessary  to  set  up  an  alternating 
current  of  2  amperes  through  a  condenser  having  a  capacity  of  5  micro- 
farads, the  frequency  being  60  cycles  per  second. 

Solution. — By  formula  630  we  have 


C=  2  amp)eres;  /=  5  microfarads  =  .000005  farad;  //  =  60; 

-^=  2  X  3.14  X  60  X  .000005  =  ^'"^^  ^'''^^^-     ^"^' 
Example. — B  B,   Fig.  1476,  represents  a  high-tension  power-trans- 
mission line  connected  to  an  alternator  A.     The  pressure  maintained 


Current  l.S  amperes. 


Fig.  1476. 

between  the  lines  is  10,000  volts,  and  the  frequency  is  60  cycles  per 
second.  There  is  no  connection  between  the  wires,  and  they  are  sup- 
posed to  be  so  insulated  that  practically  no  leakage  takes  place  between 
them.  On  running  the  alternator,  it  is  found  that  the  ammeter  Af 
gives  a  reading  of  1.5  amperes.  What  must  be  the  electrostatic  capacity 
of  the  line  ? 

Solution. — From  formula  630  we  have,  by  derivation, 

2TTn'£  ~  2X3.14X60X10,000  ^^^^^^' 

1.5  X  1.000.000  ooQ      .       f  •     ,       » 

—  =  .398  microfarad.     Ans. 


2x  3.14  X  60  X  10,000 


CIRCUITS  CONTAINING   RESISTANCE    AND 

CAPACITY. 

3907.     In  case  a  circuit  contains  both  resistance  and 

capacity,  the  current  will  lead  the  E.  M.  F.     The  amount  of 

lead  will  depend  upon  the  relative  values  of  the  resistance  and 

capacity  reactance.     If  the  resistance  is  very  large  compared 


.1/.  /;.    i\.—s3 
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with  the  capacity  reactance,  the  angle  of  lead  will  be  small, 
because  that  component  of  the  E.  M.  F.  at  right  angles 
to  the  current  will  be  small.  On  the  other  hand,  if  the 
capacity  reactance  is  very  large  as  compared  with  the  resist- 
ance, the  current  may  lead  the  E.  M.  F.  by  nearly  90°. 

3908.     The  resultant  E.  M.  F.  may  in  such  circuits  be 

looked  upon  as  being  composed  of  two  components,  one  at 

right  angles  to  the  current,  used  in  overcoming  the  capacity 

C 
reactance  and  equal  to r,  and  the  other,  necessary  to 

2  TT  71 J 

overcome  the  resistance,  equal  to  C R  and  in  phase  with  the 
CR  r.         Current  _ 


Fig.  1477. 
current.  These  E.  M.  F.'s  may  be  represented  by  the  dia- 
gram. Fig.  1477.  ^.r  represents  the  current  line  and  <?«  = 
C R  the  E.  M.  F.  to  overcome  resistance.  The  E.  M.  F.  to 
overcome  the  capacity  reactance  is  represented  hy  o  b  90° 
behind  oa^  and  the  resultant  impressed  E.  M.  F.  E  by  the 
diagonal  o  c.     The  current  leads  the  E.  M.  F.  by  the  angle 

C 

■^     ,  ^,.,.  ,        a  c       2  t:  n  /  1 

*>,  the  tangent  of  which  is  equal  to 


o  a 


tan  ^  = 


"ZTru/R' 


CR 
(631.) 


%-nJR 


In  this  connection  it  is  well  that  the  student  compare  Fig. 
1477  with  Fig.  1464,  as  these  two  figures  show  the  difference 
in  the  action  of  capacity  and  self-induction. 

3909.  From  formula  631  it  will  be  noticed  that  if  R 
becomes  zero,  tan  ^  =  infinity,  or  the  angle  of  lead  is  90°. 
If  the  capacity  J  becomes  infinitely  large,  tan  ^  =  0  and  the 
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current  is  in  phase  with  the  E.  M.  F.  This  latter  is  the 
condition  of  affairs  in  an  ordinary  closed  circuit,  because  in 
such  a  case  the  current  keeps  on  flowing  so  long  as  the 
E.  M.  F.  is  applied,  and  the  circuit  never  becomes  charged. 
In  other  words,  an  ordinary  closed  circuit  in  which  there  is 
no  condenser  at  all  acts  as  if  it  had  an  infinitely  large 
capacity,  while  an  open  circuit  acts  as  a  condenser  of  in- 
finitely small  capacity. 

39 lO.     From  the  triangle  ^^^r,  Fig.  lit 7,  we  have  the 
relation 


E^^C^F^^^^^l^j^,  (632.) 

E  =  C\^R^  +  (^r^V-        (^^3-) 

\l  nnj J 
Therefore,  in  circuits  coutaining  resistance  mid  capacity^  the 
impedance  of  the  circuit  is  equal  to  the  square  root  of  the  stim 
of  the  squares  of  the  resistance  R  and  the  capacity  reactance 

1 
%r.nj' 

The  impressed  E.  J/.  F.  E  Jiccessary  to  maintain  a  current 
C  in  a  circuit  containing  resistance  and  capacity  is  equal  to 
the  current  multiplied  by  the  impedance.  The  law  governing 
the  flow  of  current  in  such  a  circuit  then  becomes 

C  =  ^'       (634.) 


/ 


^  + 


\7t'  n'J' 

If  the  circuit  contains  a  resistance  A'  and  no  condenser, 
/  becomes  infinite  in  value,  and  formula  634  reduces  to 

-T         E 

C  =  -ry.     That  is,  the  current  follows  Ohm's  law. 
A 

If  the  circuit  be  broken,  it  means  that  the  resistance  be- 
comes infinitely  large,  and  the  capacity  ,/  being  very  small, 
the  impedance  becomes  infinitely  large,  consequently  tl.c 
current  becomes  zero. 
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Example.— A  non-inductive  resistance  /?  (Fig.  1478)  of  200  ohms 
is  connected  in  series  with  a  condenser  across  the  terminals  of  an 
alternator  as  shown,   the  frequency  being  60.     The  condenser   has  a 


11^ 


Fig.  1478. 

capacity  of  15  microfarads,  and  the  current  flowing  in  the  ciccuit  is 
5  amperes.     Required  : 

1.  The  reading  which  would  be  given  by  the  voltmeter  Vi  connected 
to  the  terminals  of  the  resistance. 

2.  The  reading  of  the  voltmeter  Fa  connected  to  the  terminals  of  the 
condenser. 

3.  The  angle  by  which  the  current  will  lead  the  E.  M.  F. 

4.  The  E.  M.  F.  which  must  be  furnished  by  the  alternator — i.  e.,  the 
reading  of  the  voltmeter  V  connected  across  the  mains. 

Solution. — We  know  that  the  three  required  E.  M.  F.'s  must  be 
related  to  each  other  as  shown  in  Fig.  1477. 

1.  The  reading  given  by  the  voltmeter  Vi  must  evidently  be  the 
E.  M.  F.  necessary  to  overcome  the  resistance  y?,  and  hence  is  equal  to 
C  7?  =  5  X  200  =1,000  volts.     Ans. 

2.  The  reading  of  Fa  represents  the  E.  M.  F.  necessary  to  overcome 
the  capacity  reactance,  and  hence  is  equal  to 


c     ' 


=  884  volts.     Ans. 


'ZTTn/"  2  X  3.14X  60x. 000015 
3.     The  angle  by  which  the  current  leads  the  E.  M.  F.  is  given  by 
formula  631 ;  tan  4>  = 


-,^=.884.     From  a  table  of  tangents  4>  is 

found  to  be  41°  29',  nearly,  i.  e.,  the  current  is  ahead  of  the  E.  M.  F.  by 
a  little  more  than  one-ninth  of  a  complete  cycle.     Ans. 

4.     The  resultant  E.  M.  F.  £,  or  the  voltage  which  must  be  furnished 
by  the  alternator  to  set  up  the  current  of  5  amperes,  is  obtained  from 


formula  632:  £ 


yc"-R' 


+ - =  4/1,000^  +  884^  =  1,335  volts. 

4  n^  n'J'^ 
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This  is  the  pressure  which  \v(juld  be  given  by  the  voltmeter  I',  and  it 
is  the  resultant  sum  of  the  E.  M.  F.  to  overcome  resistance  (1,000  volts) 
and  that  to  overcome  reactance  (884  volts). 

3911.  In  an  alternating-current  circuit  as  considered 
in  the  above  example,  it  is  thus  seen  that  it  is  quite  possible 
for  the  reading  of  the  voltmeter  Kto  be  considerably  less 
than  the  sum  of  F,  and  V^. 

The  relation  between  the  quantities  in  this  problem  is 
shown  by  the  E.  M.  F.  triangle,  Fig.  1479,  the  sides  of  the 

CJi=7000  Volts 


Fig.  1479. 


triangle  being  laid  off  to  scale  to  represent  the  different 
E.  M.  F.'s. 


CIRCUITS  CONTAINING    RESISTANCE,   SELF- 
INDUCTION,    AND    CAPACITY. 

3912.  It  quite  frequently  happens  that  a  circuit  may 
contain  all  three  of  the  above.  Electrolytic  cells  in  some  cases 
act  like  a  condenser,  and  synchronous  motors  under  certain 
conditions  often  cause  leading  currents,  thereby  affecting 
the  flow  of  current  in  the  same  way  as  a  capacity. 

The  effect  of  all  thcsi;  thrii>  (luaiititics.  resistance,  self- 
induction,  and  c>  •  in  .1  (in  Hit  is  easily 
understood  if  it  is  rcmembcrcU  that  the  self-induction  and 
capacity  always  tend  to  neutralize  each  other      The  effect 
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of  the  introduction  of   a  certain  amount  of   capacity  into  a 
circuit  already  containing  self-induction  is  to  cut  down  the 


l(^ 


Ttcsistance     R 


Inductance    L 


Capacity 


Fig.  1480. 


effect  of  the  latter,  and  if  sufficient  capacity  is  introduced, 
the  effect  of  the  self-induction  may  be  completely  neutral- 
ized or  even  reversed.     Suppose  an  alternator  y^,  Fig.  1480,  is 


Current 


Fig.  1481. 


supplying  current  to  the  circuit  a  b  containing  resistance  R, 
inductance  Z,  and  capacity  y,  and  suppose  that  the  capacity 
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reactance -f  is  less  than  the   reactance   '2-jiL  due   to 

2  -  /// 

the  self-induction.  The  resultant  E.  M.  F.  E  necessary  to 
maintain  the  current  in  the  circuit  may  then  be  determined 
as  shown  in  Fig.  14:81.  o  a  represents,  as  in  previous  prob- 
lems, the  E.  M.  F.  necessary  to  overcome  the  resistance  =  C R 
and  in  phase  with  the  current  along  the  Vine  ox;  o  c,  the 
E.  M.  F.  to  overcome  self-induction,  90°  ahead  of  oa,  equal 
to  2  -  fi  L  C  ;  and  o  b,  the  E.  M.  F.   necessary  to  overcome 

C 
capacity,  90°  behind  oa,  equal  to  ;^-- — -        The  total   com- 
ponent at  right  angles  to  the  current  will  be  'Z-  nLL  —  -j^ — j 

and  may  be  laid  off  by  measuring  back  from  c,  o  b'  =  ob.  oe 
is  then  the  resultant  component  at  right  angles  to  the  current, 
and  the  impressed  E.  M.  F.  furnished  by  the  alternator  is 
the  resultant  of  oe  and  oa,  i.  e. ,  the  diagonal  o d.  This 
resultant  E.  M.  F.  is  in  :;iis  case  ahead  of  the  current  by  the 
angle  ^  or  the  current  is  lagging  behind  the  E.  M.  F. 

3913.  From  the  triangle  oda^  Fig.  1481,  we  have  the 
relation 

^'  =  r'j^+(...Z-^|..  (635.) 

and     E^C  \  R"  J^Ur.nE-  ^~j)  -  (636.) 

The  expression  under  the  square  root  sign  is,  therefore, 
the  impedance  of  a  circuit  possessing  resistance,  self-induc- 
tion, and  capacity,  because  it  is  that  quantity  which  multi- 
plied by  the  current  gives  the  E.  M.  F. 

The  impedance  of  a  circuit  containing  resistance,  self-induc- 
tion^ and  capacity  is  equal  to  the  square  root  of  the  sum  of  the 
squares  of  the  resistance  and  the  difference  between  the  react- 
ance dih  .ndnetion  and  the  reactance  due  to  capacity. 

From  formula  636  we  have 

?=     , ^ p-^.  (637.> 
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giving  the  relation  between  current  and  E.  M.  F.  for  a  cir- 
cuit containing  all  three  of  the  above  quantities. 

3914.     The  tangent  of  the  angle  between  the  E.  M.  F. 
and  current  is  given  by  the  expression 

1 


InnL 


tan  ^  = 


'Z  7t  71  / 


R 


(638.) 


re,  1.  e. 


So  long  as  the  expression  'ZnnL  — ^  is  positive 

2  7t  H  J 

when  the  self-induction  has  a  greater  effect  than  the  capac- 
ity, the  component  oe,  Fig.  1481,  will  be  above  oa  and  the 
current  will  lag  behind  the  E.  M.  F.  If  the  expression  is 
negative,  i.  e. ,  when  the  capacity  has  a  greater  effect  than 
the  self-induction,  the  component  oe  will  be  negative,  or 
below  the  line  ox^  and  the  current  will  lead  the  E.  M.  F. 
In  such  a  circuit,  therefore,  the  angle  between  the  E.  M.  F. 
and  current  may  vary  90°  either  way.      Fig.  1482  shows  a 


Fig.  1482. 


case  where  the  capacity  has  a  greater  influence  than 
the  self-induction,  i.  e.,  o  c  is  less  than  o  b.  Measuring 
o'  b'  ^=^  o  b   from   c   gives    <?  ^   as    the    difference  ^  2  ~  ii  L  C 

— =,  and  the  E.  M.  F.  E  =  o  d.       The  current  in  this 

2  TT  ^/  /  ' 

case  is  ahead  of  the  E   M.  F.  by  the  angle  <?. 
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3915. 

1 


When  %  TV  71  L  = 


-,  the  expression   2  n  n  L 


'Inn  J' 
becomes  zero,  and  ^  =  0.      When  this  is  the  case, 


Inn  J 

the  current  is  in  phase  with  the  E.  M.  F.  and  follows  Ohm's 
law,  the  capacity  and  self-induction  neutralize  each  other, 
and,  though  both  are  present  in  the  circuit,  the  effect  is  the 
same  as  if  neither  were  there. 

In  practice  it  is  almost  impossible  to  obtain  complete 
neutralization  of  self-induction  by  capacity;  but  if  the  con- 
ditions are  favorable,  it  may  be  approached  quite  closely. 

3916.  If  the  self-induction  were  neutralized  by  the 
capacity,  the  current  flowing  under'  a  given  impressed 
E.  M.  F.  would  be  a  maximum  and  would  be  determined  by 
Ohm's  law. 

This  condition  is  shown  in  Fig.  1483,  where  o  c  and  o  b 
are  equal  and  opposite,  and  R  C  =  E  because  the  current  and 
E.  M.  F,  are  in  phase. 


RC=E 


FlO.  1483. 


It  should  be  noted  that,  with  given  values  of  self-induction 
and  capacity,  this  condition  can  exist  only  for  one  particular 
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value  of  the  frequency,  and  for  any  other  value  the  two  would 
not  neutralize  each  other.      If 

1 


2~nL  = 


'l^nr 


we  have     ;,  ^  ^.^-i^  =  i-^-A_,  (e39.) 

which  gives  the  value  of  the  frequency  corresponding  to  the 
values  of  y  and  L.  This  production  of  a  maxinmvi  current 
in  a  circuit  for  a  certain  critical  value  of  the  frequency  is 
known  as  electrical  resonance. 

3917.  Resonance  sometimes  produces  peculiar  effects 
in  a  circuit.  If  the  resistance  of  the  circuit  is  very  low,  a 
neutralization  of  the  self-induction  would  allow  a  large  cur- 
rent  to    flow.     The   E.  M.  F.  across  the    terminals   of    the 

C  .    - 

condenser  is and  if  C  be  very  large,  this  pressure  may 

rise  to  a  value  very  much  greater  than  the  impressed  E.  M.  F. 
In  the  case  of  an  underground  cable,  the  pressure  between 
the  wire  and  the  sheath  might  rise  sufficiently  to  breakdown 
the  insulation,  while  at  the  same  time  the  E.  M.  F.  supplied 
by  the  generator  might  not  be  at  all  high.  Usually,  however, 
the  frequencies  employed  in  practice  are  not  high  enough 
to  make  the  effects  of  resonance  very  common. 

3918.  The  folloAving  example  will  show  the  application 
of  the  above  formulas  to  a  circuit  containing  resistance,  self- 
mduction,  and  capacity: 

Example. — An  alternator  A,  Fig.  1484,  is  connected  to  a  circuit 
having   resistance   R  =  100  ohms,   self-induction   L  =  .25  henry,    and 

R^lOO  Ohms  L^25Henry  J=20Microfarada 

I  \'  Ei -4 Ex + Ea — 


Fig.  1484. 


capacity  y=  20  microfarads.     The   current  flowing  is  5  amperes,  and 
the  frequency  60  cycles  per  second.     Required  to — 

1.     Find  the   E.  M.  F.   or  drop  J£i  across  the  resistance,  drop  A'a 
across  the  inductance,  drop  £3  across  the  condenser. 
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2.  Determine    whether    the  current   lags    behind    the   impressed 
E.  M.  F.,  or  is  ahead  of  it,  and  by  what  amount. 

3.  Find  the  value  of  the  impressed  E.  M.  F.  necessary  to  maintain 
the  current  of  5  amperes. 

Solution. — 1.     If    the    inductance   L  =  .25  henry,    the    reactance 
2  AT  «  Z.  =  2  X  3.14  X  60  X  .25  =  94.2  ohms. 

The  capacity  y  =  20    microfarads,   hence    the    capacity 
A   reactance  = 


•0 

I 

HI 


1.000,000 


2  TT  «/      2  X  3.  14  X  60  X  20 


=  132.7  ohms. 


The  E.  M.  F.  necessary  to  overcome  resistance  —  C  R  r= 
5  X  100  =  500  volts  =  Ex.  _ 

The  E.   M.   F.  necessary  to  overcome   inductance  =  6'  X 

2^  «  Z  =  5  X  94.2  =  471  volts  =  £;.  _ 

C 
The  E.  M.  F.  necessary  to  overcome  capacity 


132.7  X  5  =  663.5  volts  =  £",.     Ans. 


RC'-SOO  Volta.'Et 


2^n/ 


Scale  1-260  VolU. 

Fig.  148S. 

2.  Since  the  E.  M.  F.  necessary  to  overcome  capacity  is 
663.5  volts  and  is  90°  behind  the  current,  while  that  to  over- 
come self-inductance  is  only  471  volts  and  90°  ahead  of  the 
current,  the  resultant  component  at  right  angles  to  the 
C 


current  is  C2  n  n  L  — 


=  471  -  663.5  =  -  192.5,  and  is 


2rr«/ 
90°  behind  the  current  (the  negative  sign  indicating  that  this 
component  is  bdow  the  current  line).  It  follows,  then,  that 
the  impressed  E.  M.  F.  E  lags  behind  the  current,  or  the  current  is  in 
advance  of  the  E.  M.  F.  The  relation  of  the  different  E.  M.  F.'s  will 
be  readily  seen  by  referring  to  Fig.  1485.     The  angle  by  which  the 

192  5 

current  leads  is  found  easily  from  the  figure,  because  tan  ♦  =       '    =.385, 
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and  <i>  is  found  to  be  21°  3',  or  the  current  is  a  little  over  y\-  of  a  period 
ahead  of  the  impressed  E.  M.  F.     Ans. 

3.  The  E.  M.  F.  E  furnished  by  the  alternator  is  equal  to  the  current  X 
impedance;  hence, 


E^-C\/  m  -\-UivnL-  ^    ^     )\  =  535  volts.     Ans. 
"  V  2n  n/J 

In  connection  with  this  example  the  student  should  note  that  while 
the  E.  M.  F.  furnished  by  the  alternator  is  only  535  volts,  the  pressure 
across  the  terminals  of  the  condenser  is  663.5  volts. 

3919.  The  examples  given  in  the  preceding  articles 
will  serve  to  illustrate  the  composition  and  resolution  of 
E.  M.  F.'s  in  such  circuits  as  are  commonly  met  with.  The 
student  should  notice  that  in  every  case  where  such  E.  M.  F.  's 
are  combined  or  resolved,  account  must  be  taken  not  only 
of  their  magnitude,  but  also  of  their  phase  relation.  For 
this  reason  stich  E.  M.  F.'s  cannot  be  simply  added  together, 
as  is  done  in  dealing  with  direct  currents,  but  the  resultant 
sum  must  in  all  cases  be  obtained  by  using  the  polygon  or 
parallelogram  of  forces.  If  these  phase  relations  are  kept 
in  mind,  many  of  the  peculiarities  in  the  behavior  of  the 
alternating  current  are  easily  understood;  as,  for  instance, 
in  the  last  example,  where  the  E.  M.  F.  across  one  part  of 
the  circuit  is  greater  than  the  E.  M.  F.  taken  across  the 
whole,  a  thing  which  would  be  impossible  in  a  direct-current 
circuit,  but  which  is  quite  possible  in  the  case  worked  out, 
on  account  of  the  phase  relations  between  the  E.  M.  F.'s  in 
the  different  parts  of  the  circuits. 

In  working  out  such  problems,  it  is  always  best  to  draw 
out  a  diagram  representing  the  different  E.  M.  F.'s,  as  it 
makes  the  relation  between  them  more  easily  understood. 
Quite  a  number  of  problems  may  be  solved  graphically  by 
adopting  convenient  scales  for  the  different  quantities  and 
laying  out  the  E.  M.  F.  triangles.  The  resultant  may  then 
be  scaled  off  the  drawing  and  the  result  obtained  more  easily 
than  by  calculation.  Examples  of  this  method  have  been 
shown  in  connection  with  several  of  the  preceding  problems. 
Unfortunately,  however,  it  is  almost  impossible  to  use  the 
graphical  method  in  a  large  number  of  cases  arising  in  prac- 
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tice,  because  the  conditions  are  often  such  that  the  quantities 
entering  into  the  problem  result  in  such  long,  thin  triangles 
and  parallelograms  that  it  is  almost  impossible  to  scale  off 
any  result  accurately.  In  such  cases  the  resultant  E.  M.  F. 
has  to  be  calculated  by  trigonometry  from  a  knowledge  of 
the  sides  and  angles  of  the  triangle  or  parallelogram  in 
question. 


CALCULATION  OF   POWER  EXPENDED  IN 
ALTERNATING-CURRENT  CIRCUITS. 

3920.     If  a  continuous  current  C  flows  through  a  wire  of 

resistance  A^,  the  wire  becomes  heated,  and  the  rate  at  which 

work  is   done    in    heating   the   wire  is  proportional  to  the 

square  of  the  current  C  and  to  the  resistance  R;  i.  e.,  watts 

E 
expended  =  C^R.       Since    C  ^  jj,  we  have  watts  =  C  E. 

Hence  it  may  be  stated  that,  in  a  continuous-current  circuit, 
if  we  wish  to  calculate  the  watts  expended,  we  multiply  the 
current  C  by  the  E.  M.  F.  E  necessary  to  force  the  current 
through  the  circuit.  This  is  also  true  in  a  circuit  where 
the  energy  expended  reappears  in  other  forms  besides  heat. 
For  example,  we  might  have  a  direct-current  dynamo  /?, 
Fig.  1-480,  sending  current  through  a  circuit  a  d,  consisting 

I  I- Et Ar — Ew-^ Es 


Fig.  M8»j. 


of  a  resistance  R,  a  motor  M,  and  a  storage-battery  B.  The 
total  power  expended  in  the  circuit  from  a  to  d  will  be  the 
product  of  the  current  Cand  the  E.  M.  F.  /i"  across  the  circuit. 
Part  of  this  energy  —  C  E.^  will  reappear  as  heat  in  the 
resistance  /v,  another  part,  equal  to  C  E.^,  will  reappear  as 
work  done  by  the  motor  J/,  and  the  energy  expended  \n  the 
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battery,  C  E^,  will  be  stored  up  by  virtue  of  the  chemical 
reactions  which  are  caused  to  take  place  by  the  current. 

392 1 .  If  an  alternating  current  be  sent  through  a  circuit, 
the  power  expended  at  each  instant  is  given  by  the  product  of 
the  instantaneous  values  of  the  current  and  E.  M.  F.  It  is 
seen  at  once,  then,  that  the  phase  relation  between  the  cur- 
rent and  E.  M.  F.  will  have  an  important  bearing  iipon  the 
power  supplied,  because  the  value  of  the  E.  M.  F.  corre- 
sponding to  any  particular  value  of  the  current  will  depend 
altogether  upon  their  phase  relation.  In  alternating-current 
circuits,  therefore,  the  power  expended  can  not  be  obtained 
by  simply  taking  the  product  of  the  volts  and  amperes  as  is 
done  with  direct  currents.     The  effect  of  difference  of  phase 


Fig.  1487. 


e  f.^ 


between  current  and  E.  M.  F.  upon  the  power  expended 
can  be  well  illustrated  by  means  of  the  sine  curves  as  shown 
in  Figs.  1487  to  1490  inclusive.  Suppose  an  E.  M.  F.  of 
maximum  value  E  is  in  phase  with  a  current  of  maximum 
value  C,  as  shown  in  Fig.  1487,  the  current  being  represented 
by  the  dot  and  dash  curve,  and  the  E.  M.  F.  c  by  the  dotted 
curve.  The  power  at  any  instant,  such  as  that  represented 
by  the  point  ;/,  is  proportional  to  the  product  of  the  ordi- 
nates  n  i  and  n  f  of  the  c  and  e  curves.  If  an  ordinate  n  g 
is  therefore  erected  at  n  proportional  to  this  product,  g  will 
be  a  point  on  the  power  curve.  In  this  way  the  power  curve 
shown  by  the  full  line  is  constructed,  and  it  shows  the  way 
in  which  the  power  supplied  to  the  circuit  varies  with  the 
E.  M.  F.  and  current.     It  should  be  noticed  that  in  this  case 
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(current  and  E.  M.  F.  in  phase)  the  power  curve  lies  wholly 
above  the  horizontal;  that  is,  the  work  is  all  positive,  or,  in 
other  words,  power  is  being  supplied  to  the  circuit.  This 
would  be  the  condition  if  the  current  were  flowing  through 
a  non-inductive  resistance. 


39 2 2.    Suppose,  however,  that  the  current  lags  behind  the 
E.  M.  F.  by  an  angle  <?  less  than  90°,  as  shown  in  Fig.  1488. 


Fio.  1488. 


The  power  curve  is  here  constructed  as  before,  but  it  is 
no  longer  wholly  above  the  horizontal.  The  ordinate/"^ 
of  the  current  curve  is  positive,  while  at  the  same  instant 
that  of   the    E.  M.  F.  curve  f  e  \s   negative,  consequently 


FIG.  1489. 

their  product  is  negative,  and  the  corresponding  ordinate  of 
the  power  curve  is  below  the  horizontal.  This  means  that 
during  the  intervals  of  time  a'  b'  and  c'  d\  negative  work  is 
being  performed ;  or,  in  other  words,  the  circuit,  instead  of 
having  work  done  on  it,  is  returning  energy  to  the  system  to 
which  it  is  connected.  In  Fig.  1489  the  angle  of  lag  has 
become  90°,  or  the  current  is  at  right  angles  to  the  E.  M.  F. 
In  this  case  the  power  curve  lies  as  much  above  the  axis  as 
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below  it,  and  the  circuit  returns  as  much  energy  as  is  ex- 
pended in  it.  The  total  work  done  in  such  a  case  is,  there- 
fore, zero,  and  although  a  current  is  flowing,  this  current 
does  not  represent  any  energy  expended.  This  would  be 
nearly  the  case  if  an  alternator  were  supplying  current  to  a 
circuit  having  a  small  resistance  and  very  large  inductance, 
as  in  this  instance  the  current  would  lag  nearly  90°  behind 
the  E.  M.  F.  The  primary  current  of  a  transformer  work- 
ing with  its  secondary  on  open  circuit  is  a  practical  example 
of  a  current  which  represents  very  little  energy.  Such  a 
current  at  right  angles  to  the  E.  M.  F.  is,  for  the  above 
reasons,  known  as  a  wattless  current,  because  the  product 
of  such  a  current  by  the  E.  M.  F.  does  not  represent  any 
watts  expended. 

3923.     Another  example  of  a  wattless  current  is  that 
flowing  into  and  out  of  a  condenser  when  the  resistance  of 


Fig.  1490. 
the  circuit  is  zero.      If  the  angle  of  lag  becomes  greater  than 
90°,  the  greater  part  of  the  work  becomes  negative,  as  shown 


V 


X 


«  \ 


ioe'< 


Fig.  1491. 

in  Fig.  1490.     If  the  angle  of  lag  becomes  180°,  as  in  Fig.  1491, 
i.  e.,  if  the  current  and  E.  M.  F.  are  in  opposition,  the  work 
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done  is  all  negative,  and,  instead  of  the  alternator  doing 
work  on  the  circuit  to  which  it  is  connected,  the  circuit 
is  returning  energy  to  the  alternator  and  running  it  as  a 
motor.  In  the  above  diagrams  the  relation  in  phase  be- 
tween the  current  and  E.  M.  F.  is  shown  in  each  case  by 
the  lines  o  a  and  o  b,  respectively. 

3924.  The  power  curves  in  Figs.  1488  to  1401  show 
the  instantaneous  values  of  the  watts  expended  in  a  circuit  for 
different  values  of  the  angle  of  lag.  What  it  is  usually  im- 
portant to  know,  however,  is  the  average  rate  at  which  en- 
ergy is  expended.  Let  o  a,  Fig.  1492,  represent  the  effective 
value  of  the  current  C,  which  lags  behind  the  effective 
E.  M.  F.  £  =  o  d  by  an  angle  ^.  The  average  watts  ex- 
pended will  be  the  E.  M.  F.  E  multiplied  by  t/iai  component 
of  the  current  C  ivhich  is  in  the  same  direction  as  the  E.  M.  F. 
If  a  line  perpendicular  to  ^  ^  be  drawn  from  a  to  d,  the  line 
o  d  represents  the  component  of  C,  which  is  in  the  same 
direction  as  o  b,  and  the  watts 
expended  are  proportional  to  the 
product  0  b  y.  0  d.  The  same 
result  would  be  obtained  by  mul- 
tiplying the  current  o  a  hy  the 
component  of  the  E.  M.  F.  in  the 
same  direction  as  the  current,  i.e., 
by  the  product  o  a  X  o  c.  It  is 
usual  to  consider  the  current  as  resolved  into  two  compo- 
nents, one  at  right  angles  to  the  E.  M.  F.,  and  the  other  in 
the  same  direction,  although  it  makes  no  difference  in  the 
numerical  result  which  is  taken.  In  Fig.  1492  o  d  = 
o  a  cos  <P  ;  hence,  watts  ^=  o  d  y^  o  b ^=  o  a  cos  -P  o  b  =^ 
E  C  cos  ^.  Or,  o  c  =.  o  b  cos  ^,  and  watts  ■=.  o  c  o  a  ^^ 
o  b  cos  <P  o  az=.  C  E  cos  ^.  It  may,  therefore,  be  stated  that 
the  mean  power  supplied  to  an  alternating-current  circuity  in 
watts,  is  equal  to  the  effective  volts  multiplied  by  the  effective 
amperes  times  the  cosine  'of  the  angle  betxoeen  them. 

3925.  The  fact  that  the  product  T  E  cos   ^  gives  the 

watts  delivered  to  a  circuit  may  be  proved  mathematically 
as  follows: 

.1/.  /;.    iv.—^it 
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Let  0  b  and  o  a,  Fig.  1493,  represent  the  maximum 
values  E  and  C  of  the  E.  M.  F.  and  current,  differing  in 
phase  by  the  angle  ^.  These  are  supposed  to  revolve  uni- 
formly around  o,  and  the  angle  a^  which  is  constantly  in- 
creasing, always  represents  the  angular  distance  oi  o  b  from 
ft  the  reference  line  ^;r.     The 

angle  ^  remains  constant; 

that  is,  o  b  and  o  a  always 

keep  a  fixed  distance  apart. 

The  instantaneous  value  of 
^'^-  "^^-  the  E.  M.  F.  is  given  by  the 

expression  ^  =  it  sin  a-  (see  Art.  3847).  The  current  Calso 
passes  through  a  set  of  instantaneous  values  and  lags  behind 
E  by  the  constant  angle  ^.  The  value  of  the  current  at 
any  instant  is  given  by  the  expression  r  =  (7  sin  (a  —  ^). 
The  product  of  the  instantaneous  values  e  and  c  gives  the 
instantaneous  watts  expended,  or 

ec  ^  E  C  sin  a  sin  {^ot  —  ^). 

From  trigonometry,  sin  (a-  —  ^)  =  sin  a  cos  <^  —  cos  a  sin  ^; 
hence, 

^6'  =  E  Ccos  ^  sin^  (x  —  E  C  cos  a  sin  a  sin  <Z^, 

and  the  average  value  of  the  watts  is 

av.  ec  ^=  av.  E  C  cos  ^  sin"  a  —  av.  E  C  cos  a  sin  a  sin  <P; 
or, 
av.  e  c  ^=  EC  cos  (^  av.  sin''  a  —  E  C  sin  <P  av.  sin  a  cos  o'. 

The  average  value  of  sin  a  cos  a  is  zero,  sinc'e  both  pass 
through  positive  and  negative  values  alike,  and  the  average 
value  of  sin"  o'  =  ^;  hence, 

EC 
average  r^  =  r— —  cos  ^. 

If  the  maximum  values  E  and  C  are  expressed  in  terms  of 
their  effective  values,  i.  e.,  ^=  E\/'2^    C  =  C\^2,  we  have 

average  power  =  average  e  c  =  E  C  cos  0.  (640.) 


CURRENT   APPARATUS.  2625 

POIVER   FACTOR  OF  A    CIRCUIT. 

3926.  If  an  alternating  current  of  C  amperes  be  flow- 
ing through  a  circuit,  and  the  pressure  across  the  terminals 
of  the  circuit  is  E  volts,  the  watts  which  are  apparently 
expended  would  be  given  by  the  product  of  the  current  and 
E.  M.  F.,  that  is,  by  C  X  E.  The  real  watts  expended  are, 
however,  obtained,  as  proved  above,  by  the  product  of  C  E 

J  ^      rr>i         .-         real  watts       .         ,,    ,     , 

and  cos  *>.     The  ratio is  called  the  po^ver 

apparent  watts 

factor  of  the  system. 

The  power  factor  of  a  system  may  then  be  defined  as  that 
quantity  by  which  the  apparent  watts  expended  in  the  system 
must  be  multiplied  in  order  to  give  the  trite  watts.  From 
formula  640,  it  will  be  seen  that  the  power  factor  is  numer- 
ically equal  to  cos  <?,  and  it  is  sometimes  spoken  of  as  "the 
cos  ^  of  the  system." 

3927.  If  the  current  and  E.  M.  F.  are  in  phase,  0=0 
and  cos  0=1;  consequently  the  true  watts  expended  under 
such  circumstances  may  be  obtained  by  taking  simply  the 
product  C  X  E.  When  the  angle  of  lag  is  90°,  cos  0  =  0 
and  the  true  watts  expended  is  zero,  i.  e.,  the  current  is 
wattless.  When  0  becomes  greater  than  90°,  cos  0  be- 
comes negative,  thus  showing  that  the  circuit  is  delivering 
energy  to  the  system  to  which  it  is  connected.  It  will  be 
seen,  then,  that  it  is  quite  possible  to  have  large  alternating 
currents  flowing  under  high  E.  M.  F. 's,  and  at  the  same  time 
have  very  little  energy  expended. 

3928.  The  power  factor  in  the  case  of  direct-current 
systems  is  always  unity ;  but  in  cases  where  alternating  cur- 
rent is  used,  it  may  vary  from  unity  to  zero.  In  most 
alternating-current  systems  the  pressure  is  kept  constant,  or 
nearly  so;  hence,  it  follows  that  when  a  given  amount  of 
power  is  to  be  transmitted,  the  current  will  be  smaller  if  the 
power  factor  is  high  than  if  it  is  low.  This  will,  perhaps,  be. 
best  illustrated  by  means  of  an  example.  Suppose  it  is 
desired  to  transmit  100  kilowatts  over  a  line   by  means  of 
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alternating  current.  The  load  on  the  line  consists  princi- 
pally of  motors,  and  will,  therefore,  be  more  or  less  induc- 
tive. We  will  suppose  that  the  current  lags  behind  the 
E.  M.  F.  by  an  angle  of  25°.  Cos  ^  is  then  equal  to  .90, 
and  the  power  factor  will  be  .90;  hence, 

true  watts  =  apparent  watts  X  .90 
=  volts  X  amperes  X  .90. 

We  will  suppose  that  the  pressure  used  in  transmission 
is  1,000  volts; 

then,  100,000  =  1,000  X  amperes  X  .90, 

and  the  current  necessary  will  be  111.1  amperes.  If  the 
power  factor  had  been  unity,  only  100  amperes  would  have 
been  required.  This  example  will  serve  to  show  the  neces- 
sity of  having  the  power  factor  as  high  as  possible. 


WATTLESS    AND  POWER   COMPONENTS. 

3929.  It  was  mentioned  in  connection  with  Fig.  1492 
that  the  current  could  be  looked  upon  as  resolved  into  two 
components,  one  at  right  angles  to  the  E.  M.  F.  and  the 
other  in  phase  with  it.  This  is  shown  in  Fig.  1494.  The 
component  at  right  angles  to  the  E.  M.  F.  is  known  as  the 
^vattless  component  of  the  current,  and  the  part  in  phase 


t^  ^    Current 


Current  C 

Fig.  1494. 


r> 


Power  Component  of  E 

Fig.  1495. 


is  known  as  the  power  component.  The  E.  M.  F.  may, 
in  the  same  way,  be  looked  u{X)n  as  divided  into  wattless  and 
power  components,  as  shown  in  Fig.  1495.  From  these 
figures  it  is  easily  seen  that  the  greater  the  angle  of  lag,  the 
larger  will  be  the  wattless  component  and  the  smaller  the 
part  which  is  really  expending  power  in  the  circuit. 
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3930.  Although  wattless  currents  do  not  represent  any 
power  wasted,  they  are  objectionable,  because  they  load  up 
the  lines  and  alternators  and  thus  limit  their  output  as  to 
current-carrying  capacity.  For  example,  an  alternator 
might  be  furnishing  a  current  of,  say,  20  amperes  to  a  sys- 
tem having  a  very  low  power  factor.  The  actual  power 
delivered  would  be  small,  and  the  engine  would  not  have  to 
work  hard  to  drive  the  dynamo.  At  the  same  time,  the  cur- 
rent of  20  amperes  is  circulating  through  the  lines  and  the 
armature  of  the  alternator,  and  thus  will  load  up  the  lines 
and  heat  up  the  machine.  As  the  current  output  of  the 
armature  is  limited  to  a  large  extent  by  this  heating,  it  is 
seen  that  the  useful  current  which  may  be  taken  from  the 
alternator  is  cut  down  by  the  presence  of  this  wattless  com- 
ponent. Alternating-current  apparatus,  such  as  induction 
motors,  etc.,  are  always  designed  so  as  to  have  as  high  a 
power  factor  as  possible  consistent  with  economy.  The 
use  of  condensers  has  been  suggested  for  neutralizing  the 
self-induction,  thus  increasing  the  power  factor,  and  one 
manufacturing  company  has  used  condensers  in  connection 
with  induction  motors  to  cut  down  the  lag  in  the  current. 

Example. — An  alternator  generating  an  E.  M.  F.  of  1,000  volts  at  a 
frequency  of  60  cycles  per  second  supplies  current  to  a  system  of  which 
the  resistance  is  100  ohms  and  the  inductance  .3  henry.  Find  the 
value  of  the  current,  angle  of  lag,  power  factor,  apparent  watts,  and 
true  watts. 

Solution. — We  have,  by  formula  625, 

E  1.000 


C  = 


J^R*  -+-  (2  «■  «  Lf        f/lOO*  +  (2  X  3. 14  X  60  X  .8)* 

1.000      .  „ 

— ——  =  6.63  amperes. 

I0O.8  ' 

Reactance  =  2  tz  n  L=  113.04  ohms. 

.       .        2nnL      113.04      ._ 
tan*  =-^=-j^  =  1.13; 

hence,  ♦  =  angle  of  lag  =  48°  30', 

p>ower  factor  =  cos  ♦  =  .662, 
apparent  watts  =  E  C=  1,000  x  6-63  =  6,680, 
real  watts  z=ECcos*=  1,000  X  6.63  X  .662  =  4.389  watts.      Ans. 
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The  effect  of  the  self-induction  in  the  above  example  is, 
therefore,  to  cause  a  lag  of  48°  30',  and  by  so  doing  the  cur- 
rent of  6.G3  amperes  is  equivalent  to  only  4,389  watts  trans- 
mitted; whereas,  if  there  were  no  inductance  and  cos  <^=  1, 
this  current  would  have  been  equivalent  to  6,630  watts. 


TRANSMISSION   LINES. 

3931.  In  transmitting  power  over  lines  by  means  of 
the  electric  current,  a  certain  loss  of  energy  always  occurs, 
due  to  the  resistance  of  the  wire.  This  loss  can  not  be 
avoided,  and  all  that  can  be  done  is  to  keep  it  down  to 
within  reasonable  limits.  Of  course,  the  loss  can  be  made 
as  small  as  we  please  by  increasing  the  size  of  the  line  con- 
ductor, but  it  is  less  expensive  to  allow  a  certain  loss  than 
to  make  the  conductor  very  large.  The  lost  energy  in 
transmission  lines  varies  greatly  and  depends  largely  on 
local  conditions.  Quite  often  it  is  about  5  or  10  per  cent, 
of  the  power  transmitted,  and  in  some  cases  it  is  more  than 
this,  especially  on  long  lines.  The  loss  in  the  line  results 
in  a  falling  off  in  pressure  between  the  station  and  the  dis- 
tant end,  the  number  of  volts  decrease,  or  drop,  as  it  is 
called,  being  obtained,  in  the  case  of  continuous-current 
circuits,  by  multiplying  the  current  by  the  resistance  of 
the  line.  Evidently  the  drop  will  increase  as  the  load  or 
current  increases,  and  if  the  pressure  at  the  receiving  end 
is  to  be  kept  constant  at  all  loads,  the  pressure  at  the  sta- 
tion must  be  increased  as  the  current  increases. 

3932.  The  calculation  of  the  size  of  wire  to  transmit 
a  given  amount  of  power  over  a  given  distance  with  a  speci- 
fied loss  is  a  simple  matter  in  the  case  of  a  direct-current 
circuit,  as  it  requires  simply  a  wire  of  such  a  size  that  the 
resistance  of  the  circuit  shall  not  cause  the  loss  to  exceed 
the  specified  amount.  For  example,  suppose  it  is  required 
to  transmit  20  kilowatts  a  distance  of  2  miles  by  means  of 
direct  current.  The  voltage  at  the  delivery  end  is  to  be 
500,  and  the  loss  is  not  to  exceed  10  per  cent,  of  this,  i,  e., 
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the  allowable  drop  is  50  volts  at  full  load.     The  full  load 

watts       20,000 
current  =  — r—  =  — ^tttt"  =  ^^  amperes, 
volts  500 

Cx  R=  50  volts. 

7?  =  fo  ^1.25  ohms. 

The  resistance  of  the  whole  length  of  wire  from  the  station 
and  back,  or  4  miles,  must  not  exceed  1.25  ohms,  or  the 
resistance  per  mile  =  .312  ohm.  By  consulting  a  wire  table 
this  is  found  to  be  abovit  a  No.  000  B.  &  S.  wire. 

3933.  In  the  case  of  a  line  using  alternating  current, 
the  pressure  required  to  send  the  current  through  the  line 
is  found  by  taking  the  product  of  the  current  and  im- 
pedance instead  of  the  current  and  resistance.  A  long 
transmission  line  may  have  an  appreciable  self-inductance, 
which  has  the  effect  of  apparently  increasing  its  resistance. 
For  short  lines  this  inductive  effect  is  not  usually  taken  ac- 
count of,  but  it  is  not  always  safe  to  leave  it  out  of  account 
in  the  calculation  of  long  lines,  especially  if  a  large  conduct- 
or is  used.  The  effect  of  inductance  is  evidently,  with  the 
same  current,  to  cause  the  drop  over  the  line  to  be  greater 
than  if  it  were  not  present.  If,  then,  we  are  limited  to  the 
same  number  of  volts  drop,  it  follows  that  the  inductance 
necessitates  the  use  of  a  larger  wire. 

3934,  The  self-induction  of  a  line  depends  on  its 
length  as  well  as  on  the  distance  apart  which  the  wires  are 
placed  on  the  poles  and  can  be  calculated  when  the  distance 
from  center  to  center  is  known.  The  resistance  per  mile 
for  any  given  size  is  easily  calculated;  hence  the  impedance 
per  mile  for  a  given  frequency  ft  may  be  found  from  the 
expression 


Impedance  =  ^//^  -f  (2  x  «  L)\     (See  Art.  3889.) 

The  impedance  and  reactance  per  mile  for  various  sizes 
of  wire  and  distances  of  spread  have  been  calculated  by 
Emmet  and  are  given  in  Table  114.  The  reactance  and  im- 
pedance are  here  calculated  for  frequencies  of  GO  and    125, 
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two  most  commonly  met  with.  It  will  be  noticed  that  for  the 
large  sizes  there  is  quite  a  difference  between  the  value  of 
the  resistance  per  mile  and  the  impedance,  but  as  the  wire 
becomes  smaller,  the  resistance  becomes  so  large  compared 
with  the  reactance  that  the  difference  between  the  resistance 
and  impedance  becomes  less.  As  an  example,  let  us  consider 
a  transmission  line  2  miles  in  length,  which  delivers  100 
K.  W.  to  a  non-inductive  load,  with  a  drop  in  voltage  of  10,^. 
Voltage  at  end  of  line  is  2,000  ;  frequency,  60  cycles  per  sec- 
ond. The  allowable  drop  is.  10  X  2,000  =  200  volts.  Since 
the  load  is  non-inductive,  the  full-load  current  corresponding 

.     inn  ir    AV        'U  u      100,000        _ 
to  100  K.  \\ .  will  be  =  oO  amperes. 

/*,000 

Impedance  =  Ky  =  4  ohms. 

There  are  4  miles  of  wire,  hence  the  impedance  per 
mile  =  1  ohm. 

If  the  wires  are  placed  12  inches  apart,  a  No.  2  B.  &  S. 
would  be  required,  because,  by  referring  to  Table  114,  it  is 
seen  that  the  impedance  per  mile  for  this  size  when  spaced 
12  inches  is  1.008  ohms. 

If  the  line  had  no  inductance,  we  would  have 

current  X  resistance  =  200, 

or    resistance  =  4  ohms,  and  resistance  per  mile  =  1  ohm. 

The  resistance  per  mile  of  No.  3  B.  &  S.  is  1.04  ohms,  so 
that  for  the  same  allowable  drop  it  is  seen  that  the  effect  of 
the  self-induction  is  to  cause  an  increase  in  the  size  of  wire 
required.  In  cases  where  the  frequency  is  high,  the  effect  of 
the  impedance  is  much  more  marked.  When  the  load  is  not 
non-inductive,  the  current  for  a  given  amount  of  power  is 
increased  and  a  still  larger  wire  required.  The  product, 
current  X  impedance,  gives  the  line  drop  approximately 
only,  because  the  impedance  drop  is  not  in  phase  with 
either  the  generator  or  terminal  voltages.  However,  for 
most  practical  cases,  the  error  in  taking  the  drop  as  above 
is  tiMt  of  consequence  unless  larjjfe  line-wires  are  userl. 
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EXAMPLES  FOR    PRACTICE. 

1.  Find  the  size  of  wire  necessary  to  transmit  75  K.  W.  over  a  line 
5  miles  in  length.  The  pressure  at  the  end  of  the  line  is  to  be  5,000 
volts  and  frequency  is  125  cycles  per  second.  The  allowable  loss  is 
10^,  and  the  wires  are  to  be  strung  on  the  poles  18  inches  apart. 

Ans.  Wire  with  an  impedance  of  3.33  ohms  per  mile,  between  a 
No.  8  and  No.  7.     No.  7  would  probably  be  used. 

2.  What  would  be  the  size  of  wire  required  in  example  1  if  the  line 
had  no  inductance  ? 

Ans.     Resistance  of  wire  would  be  3.33  ohms  per  mile,  or  No.  8  B.  &  S. 


ALTERNATING-CURRENT      MEASURING 
INSTRUMENTS. 

3935.  In  measuring  alternating  E.  M.  F.  's  and  currents, 
we  usually  wish  to  know  the  square-root-of-mean-square,  or 
effective,  values,  as  these  are  used  in  most  of  the  ordinary 
calculations.  The  maximum  or  instantaneous  values  are  not 
used  to  any  great  extent.  Ammeters  and  voltmeters  for  use 
on  alternating-current  circuits,  as  a  general  rule,  therefore, 
indicate  effective  values,  and  most  of  such  instruments  will, 
if  standardized  by  means  of  direct  current,  read  effective 
values  when  connected  to  alternating-current  circuits. 

There  is  not  such  a  large  variety  of  alternating-current 
instruments  as  of  direct-current,  since  a  large  number  of 
instruments  adapted  for  direct-current  work  will  not  act  at 
all  with  alternating  current.  Generally  speaking,  an  instru- 
ment which  will  give  indications  with  alternating  current 
will  work  also  with  direct  current,  but  the  reverse  is  by  no 
means  true.  Take,  for  example,  the  Weston  direct-current 
ammeters  and  voltmeters  (as  described  in  Electrical  Meas- 
urements), which  are  widely  used  for  direct-current  meas- 
urements. The  current  flowing  in  the  coil  reacts  upon  the 
permanent  field,  and  thus  produces  a  deflection.  If  such  an 
instrument  were  connected  to  an  alternating-current  circuit, 
the  coil  would  not  move,  because  the  current  would  be  con- 
tinually changing  direction,  and  there  would  be  as  much  ten- 
dency to  turn  one  way  as  the  other.  These  instruments  are, 
therefore,  not  suitable  for  alternating-current  circuits,  and 
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should  never  be  connected  to  them.  This  is  true  of  any- 
class  of  instruments  where  a  deflection  is  produced  by  the 
current  reacting  upon  a  constant  magnetic  field. 


2. 
3. 


CLASSES    OF    INSTRUMENTS. 

3936.  For  use  in  connection  with  alternating  currents 
we  are  practically  limited  to  four  classes  of  instruments. 

1.      Hot-wire  voltmeters. 

Plunger  ammeters  and  voltmeters. 
Electrodynamometers    (ammeters,   voltmeters,   watt- 
meters). 
4.     Electrostatic  voltmeters. 

The  first  class  of  instruments  depend  for  their  action  upon 
the  heating  effect  of  the  current.  The  commonest  type  of 
hot-wire  voltmeter  is  the  Cardew,  which  has  been  described 
in  the  section  on  Electrical  Measurements.  This  instrument 
will  indicate  equally  well  on  either  direct  or  alternating 
current,  and  when  it  is  calibrated  with  direct  current,  it 
will  give  the  effective  E.  M.  F.  if  connected  to  alternating- 
current  mains. 

3937.  The  hot-wire  voltmeter  may  be  used  to  measure 
current  by  connecting  it  across  the  terminals  of  a  known 
non-inductive  resistance,  as  shown  at  /?,  Fig.    1496.     The 


Fig.  1496. 


voltmeter  V  in  this  case  measures  the  drop  from  e  ^.o  f 
through  the  resistance,  this  drop  being  equal  to  C R\  hence, 
if  R  is  known,  C  can  be  at  once  obtained,  or  the  scale  of  the 
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instrument    might    be    so  marlced    as    to  give    the   current 
directly. 

Hot-wire  instruments,  in  order  to  be  reliable,  must  be 
frequently  recalibrated,  as  the  heating  and  cooling  seem  to 
affect  the  wire,  causing  changes  in  the  zero-point.  On  ac- 
count of  these  defects,  hot-wire  instruments  have  been 
replaced  by  other  types,  which  are  better  adapted  for  com- 
mercial work.  

PLUNGER    IIVSTRUMENTS. 

3938.  The  plunger  type  of  instrument  is  one  which  is 
used  quite   largely  for  ammeters  and  voltmeters   in  central 


Fig.  1497. 
Stations,  and  a  large  number  of  switchboard  instruments  of 
this  type    are    in    use.     Fig.    1497    shows    a    Westinghouse 
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plunger  ammeter.  In  this  instrument  the  conductor  which 
carries  the  current  does  not  act  upon  a  magnetic  needle,  but 
upon  a  metal  core  C  built  of  many  strands  of  iron  wire 
closely  bound  together.  The  current  enters  at  the  terminal 
block  a,  and  passes  through  the  solenoid  A  to  the  terminal  b. 
The  core  is  suspended  by  the  hook  //  on  the  cross-arm  /*, 
which  is  supported  on  a  knife-edge  bearing.  The  weight 
of  the  core  is  balanced  by  the  counterweight  \\\  so  that  the 
needle  ^V  points  to  zero  on  the  dial  D.  The  plumb-bob/  is 
used  for  leveling  the  instrument  when  setting  it  in  position. 
With  the  variation  in  strength  of  current  flowing  through 
the  coil,  the  pull  on  the  plunger  changes,  consequently 
the  needle  is  deflected.  ^^ 

3939.  The  plunger 
voltmeter,  Fig.  14:98,  is 
similar  in  construction, 
but  the  coil  A  is  made 
of  fine  wire  and  is  con- 
nected in  series  with  a 
resistance  consisting  of 
a  great  length  of  fine 
German-silver  wire 
wound  on  sheets  of  in- 
sulating material  and 
secured  in  the  back  of 
the  case  R.  The  ter- 
minals of  the  instru- 
ment are  at  a,  b,  and 
the  path  of  the  current 
is  from  a  to  the  resist- 
ance coils,  through  the 
fuse  F,  and  the  coil  A^ 
to  the  terminal  /;. 


3940.  Some  other 
styles  of  switchboard 
instruments  in  common 
use  really  belong  to  the 


iiTrrrtTf^ 


Pig.  1498. 
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plunger  type,  although  they  do  not  resemble  the  two  just 
described.  One  of  these,  known  as  the  Thomson  inclined- 
coil  instrument,  is  shown,  in  principle  only,  in  Fig.  1499. 
A  circular  coil  c,  shown  in  section,  is  mounted  with  its  axis 
inclined  to  the  horizontal.  Through  the  center  of  the  coil 
passes  a  vertical  shaft,  which  carries  the  pointer/.  A  small 
vane  of  iron  v  is  mounted  on  the  shaft  at  an  angle,  and  the 
movement  of  the  swinging  system  is  controlled  by  the  two 
flat  spiral  springs  a,  a'.     When  a  current  flows  through  the 


Fig.  1499. 

coil,  lines  of  force  will  thread  it  as  shown  by  the  arrows. 
The  iron  vane  ?-' will  tend  to  turn  so  that  it  will  lie  parallel 
to  these  lines,  as  shown  by  the  dotted  lines  v\  and  in  this 
way  a  reading  is  obtained. 

3941.  The  principle  of  another  instrument  in  common 
use  is  shown  in  Fig.  1500.  A  circular  coil  c  is  mounted  in 
a  horizontal  position,  with  its  center  at  the  point  d.  A 
vertical  shaft  is  pivoted  with  its  center  at  d'  to  one  side  of 
d,  and  carries  at  the  end  of  an  arm  a  U-shaped  piece  of 
iron  V  which  embraces  the  coil,  as  shown  in  detail  in  Fig. 
1501.  The  movement  of  the  needle  is  controlled  by  a  small 
weight  w,  which  takes  the  place  of  the  springs  in  the  pre- 
ceding instrument.  The  action  of  the  instrument  is  as 
follows:  When  a  current  flows  through  the  coil,  a  magnetic 
field  is  set  up  which  is  stronger  near  the  coil  than  at  the 
center.  The  piece  of  iron  v  tends,  therefore,  to  move 
nearer  the  inside  of  the  coil,  and  the  only  way  it  can  do  this 
is  by  swinging  around  the  center  d'.     This  allows  the  iron 
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to  approach  the  coil  on  account  of  d'  being  eccentric,  and  a 
deflection  is  thus  obtained. 


Fig.  1500. 


Fig.  1501. 


Instruments  of  the  plunger  type  will  generally  work  on 
either  direct  or  alternating  current,  but  they  must  always 
be  calibrated  under  the  same  conditions  as  those  under  which 
they  are  to  be  used.  When  intended  for  alternating-current 
circuits,  they  are  always  calibrated  so  as  to  read  effective 
values. 


ELECTHODYXAMOMETERS. 

3942.  The  alternating-current  instruments,  which,  on 
the  whole,  are  the  most  reliable  and  widely  used,  belong  to 
the  third  class.  (See  Art.  3936.)  In  the  class  known  as 
electrodynamometers,  the  current  in  a  swinging  coil  is  acted 
upon  by  a  magnetic  field  produced  by  a  fixed  coil.  The 
field  produced  by  the  fixed  coil  changes  with  the  changes  in 
the  current,  the  arrangement  being  somewhat  similar  to  that 
used  in  the  Weston  direct-current  instrument,  except  that 
the  permanent  magnet  producing  a  constant  field  is  replaced 
by  a  fixed  coil  producing  an  alternating  field.      Fig.  1502 
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shows  a  Siemens  dynamometer,  which  is  one  of  the  commonest 
types  in  use.  In  this  instrument  a  coil  A  is  held  by  means 
of  supports  clamped  to  the  frame,  and  at  right  angles  to  it 
is  a  coil  i?,  which  is  free  to  swing  a  limited  amount.  This 
coil  is  held  by  a  suspension,  and  the  current  is  carried  into  it 
by  means  of  two  mercury  cups  c,  c\  into  which  the  ends  of 
the  coil  dip.     A  spiral  spring  d  has  one  end  attached  to  the 

coil  and  the  other  to 
the  torsion  head  e. 
A  pointer  attached 
to  this  head  moves 
over  the  circular 
scale/",  and  a  second 
pointer^is  attached 
to  the  swinging  coil. 
When  no  current 
flows  through  the 
instrument,  both 
pointers  stand  at 
the  zero-point  of 
the  scale;  but,  on 
the  passage  of  a 
current,  the  coil  is 
deflected,  its  motion 
being  limited  to  a 
small  amount  by 
stops  not  shown  in 
the  figure.  When 
the  instrument  is  to 
Fig.  1502.  Ijg  used  for  measur- 

ing E.  M.  F,  or  current,  the  swinging  coil  and  fixed  coil 
are  connected  in  series,  so  that  when  a  current  flows, 
the  field  set  up  by  the  fixed  coil  changes  in  unison  with 
the  current  in  the  swinging  coil,  thus  producing  a  de- 
flection. The  swinging  coil  tries  to  assume  a  position 
parallel  to  the  fixed  coil,  and  the  twisting  action  between 
the  two  is  proportional  to  the  product  of  the  currents  in  the 
two  coils.  Since  the  coils  are  connected  in  series,  the  current 
must  be  the  same  in  both;  hence,  in  this  case,  the  twisting 
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action,  or  torque,  is  proportional  to  the  square  of  the  cur- 
rent flowing  through  the  instrument.  After  the  swinging 
coil  has  been  deflected,  the  torsion  head  is  turned  until  the 
pointer  attached  to  the  coil  comes  back  to  the  zero-point, 
and  the  reading  on  the  circular  scale  is  taken.  From  this 
reading  the  value  of  the  current  can  be  obtained  by  consult- 
ing a  table  or  curve,  giving  the  relation  between  currents 
and  deflections,  which  has  been  previously  obtained  by  send- 
ing continuous  currents  of  known  value  through  the  instru- 
ment. If  calibrated  in  this  manner,  it  will  give  effective 
values  when  used  with  alternating  current. 

3943.  The  Siemens  dynamometer,  while  not  a  direct- 
reading  instrument,  and  on  this  account  not  as  convenient 
to  use  as  some  others,  is  a  very  reliable  instrument,  because 
there  are  few  things  about  it  liable  to  change  or  get  out  of 
order.  As  a  matter  of  fact,  most  of  the  instruments  in  com- 
mercial use  are  standardized  by  comparing  them  with  a 
dynamometer.  A  Siemens  dynamometer,  in  order  to  work 
satisfactorily,  should  possess  a  negligible  amount  of  resist- 
ance and  self-induction  so  that  its  insertion  in  any  circuit 
will  not  have  any  appreciable  effect  on  the  current  flowing 
in  the  circuit.  A  modification  of  the  Siemens  dyna- 
mometer is  the  Weston  portable  alternating-current  volt- 
meter, which  is  constructed  of  such  a  pattern  as  to  make  it 
easily  portable  and  also  direct  reading.  Its  construction  is 
very  similar  to  that  of  the  Weston  direct-current  instruments, 
except  that  the  permanent  magnet  is  replaced  by  a  pair  of 
fixed  coils,  one  on  each  side  of  the  swinging  coil  and  con- 
nected in  series  with  it.  The  current  is  carried  into  the 
movable  coil  by  means  of  flat  spiral  springs,  which  also  serve 
to  control  its  movement.  The  instrument  reads  directly  in 
volts  by  a  pointer  attached  to  the  swinging  coil  and  moving 
over  the  scale.  

IVATTMETERS. 

3944.  In  order  to  measure  the  power  supplied  in  an 
alternating-current  circuit,  we  must  have  an  instrument 
which  will  indicate  the  real  watts  expended,  i.  e.,  one  which 
will  give  deflections  proportional  to  C  £  cos  €>.      Such  an 
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instrument  is  called  a  wattmeter^  and  has  been  men- 
tioned in  the  description  of  practical  instruments  in  Elec- 
trical Measurements. 

A  wattmeter  must  average  up  all  the  instantaneous 
values  of  the  product  of  current  and  E.  M.  F. ;  consequently 
it  must  be  so  arranged  that  its  indications  will  be  affected 
by  both.  The  dynamometer  can  easily  be  adapted  to  this 
work  by  changing  the  winding  and  connections  of  the 
swinging  coil.  Consider  a  circuit  ab^  Fig.  1503,  in  which 
energy  is  being  expended,  and  suppose  for  the  present  that 
it  is  connected  to  a  direct-current  dynamo.  The  watts  ex- 
pended may,  in  this  case,  be  easily  obtained  by  connecting 
an  ammeter  C  in  series  with  the  circuit,  and  a  voltmeter  V 
across  it,  so  as  to  get  the  values  of  the  current  and  E.  M.  F., 


FIG,  1503. 


the  product  of  which  gives  the  required  watts.  This  method 
would  not  work,  however,  if  the  circuit  were  connected  to  an 
alternator  A,  as  shown  in  the  figure,  because  it  would  take 
no  account  of  the  phase  difference  in  current  and  E.  M.  F. 
In  order  to  do  this,  it  is  necessary  to  combine  the  ammeter 
and  voltmeter  into  one  instrument.  This  is  done  by  wind- 
ing the  fixed  coil  of  a  dynamometer  with  a  few  turns  of 
heavy  wire  and  connecting  it  in  series  with  the  circuit,  while 
the  swinging  coil  is  wound  with  a  large  number  of  turns  of 
fine  wire  and  connected  across  the  circuit.  It  is  usual  to 
connect  a  non-inductive  resistance  r  in  series  with  the 
swinging  coil,  in  order  to  limit  the  current  flowing  in  it. 
Since  the  resistance  of  the  swinging-coil  circuit  is  constant, 
the  current  flowing  through  it  will  at  all  instants  be  pro» 
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portional  to  the  E.  M.  F.  acting  on  the  circuit  tf  ^.  The 
current  in  the  fixed  coil  will  also  be  equal  to  the  current 
flowing  in  the  circuit,  hence  the  torque  action  between  the 
two  coils  will  at  all  instants  be  proportional  to  the  product 
e  c^  and  the  average  torque  action  will  be  proportional  to  the 
average  watts.  Such  an  instrument  will,  therefore,  indicate 
the  true  value  of  the  watts  expended,  because  it  takes 
account  of  the  phase  difference  between  the  current 
and  E.  M.  F. 


3945.  The  Siemens  wattmeter,  like  the  dynamometer, 
is  not  direct  reading,  and  is,  therefore,  not  as  convenient  for 
commercial  work  as 
the  portable  direct- 
reading  types,  such  as 
the  Weston.  It  is, 
however,  the  standard 
wattmeter  and  the 
one  which  is  used  for 
calibrating  other  in- 
struments, because, 
like  the  dynamometer, 
there  are  few  parts 
about  it  to  change  or 
get  out  of  order.  Fig. 
1504  shows  a  Weston  fig.  isw. 

portable  wattmeter.  This  is  constructed  about  the  same 
as  the  voltmeter,  except  that  the  fixed  coils  are  composed 
of  a  few  turns  of  heavy  copper  conductor  which  carry  the 
current.  The  heavy  binding-posts  a,  b  at  the  side  of  the 
case  are  the  terminals  of  these  current  coils,  and  the  small 
binding-posts  f,  d  ov\.  the  top  connect  with  theswingingcoil. 
In  using  wattmeters,  care  should  be  taken  not  to  get  the 
connections  mixed,  because  if  the  current  coil  should,  by 
mistake,  be  connected  across  the  circuit,  the  instrument 
would  in  all  probability  be  burnt  out,  as  the  resistance  of 
this  coil  is  very  low  and  the  resulting  current  would  be 
enormous.     In  order  that  the  readings  of  a  wattmeter  may 
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be  reliable,  the  self-induction  of  the  swinging  coil  should  be 
very  small.  This  is  especially  necessary  if  the  instrument  is 
to  be  used  on  a  number  of  circuits  having  different  frequen- 
cies. If  the  self-induction  is  high,  the  instrument  will  not 
read  correctly  for  any  other  frequency  than  the  one  with 
which  it  was  calibrated. 

3946.  Sometimes  it  is  necessary  to  know  the  total 
amount  of  energy  expended  in  a  circuit  during  a  given  in- 
terval of  time,  as,  for  instance,  in  measuring  the  output  of  a 
station  or  the  energy  supplied  to  a  consumer.  For  this  pur- 
pose it  is  necessary  to  use  a  recording  wattmeter,  i.  e., 
an  instrument  which  will  record  the  number  of  watt-hours 
electrical  energy  supplied  during  a  given  period.  One  of 
the  commonest  types  of  such  an  instrument  is  the  Thom- 
son recording  wattmeter,  already  described  in  Electrical 
Measurements.  This  is  really  a  modified  Siemens  watt- 
meter, arranged  so  that  the  moving  coil  revolves  so  long  as 
current  is  passing  through. 


ELECTROSTATIC    VOLTMETERS. 

3947.  Another  class  of  voltmeter  available  for  alter- 
nating-current work  is  that  which  depends  upon  the  repul- 
sion or  attraction  of  two  surfaces  carrying  electrostatic 
charges.  Such  instruments  have  been  used  most  largely, 
in  commercial  work,  for  measuring  high  voltages,  but  in- 
struments are  also  made  on  this  principle  which  are  quite 
capable  of  measuring  low  voltages.  One  type  which  is  used 
for  measuring  high  potentials  is  that  brought  out  by  Lord 
Kelvin,  and  illustrated  in  Fig.  1505.  A  set  of  fixed  quad- 
rants a,  a\  b,  b'  is  mounted  so  that  the  aluminum  vane 
V  v'  may  swing  between  thein  on  the  pivot  d.  The  fixed  set 
of  quadrants  is  connected  to  one  side  of  the  circuit  and  the 
swinging  vane  to  the  other,  so  that  Avhen  they  become 
charged,  the  vane  is  attracted  and  drawn  in  between  the 
quadrants,  and  the  voltage  is  indicated  by  the  pointer. 
These  voltmeters  have  the  advantage  that  they  require  qo 
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current  whatever  for  their  operation.     This  is  sometimes  of 
importance,  especially  when  the  instrument  is  connected  to 


FIG.  1505. 

a  high  potential  circuit  and  left  connected  continuously.  A 
very  small  current  in  such  a  case  might  represent  a  consid- 
erable loss  of  energy. 


POliVER    MEASUREMENT. 


THREE-VOLTMETER   METHOD. 

3948.  There  are  other  methods  of  measuring  power 
which  do  not  involve  the  use  of  a  wattmeter,  and  which  are 
therefore  convenient  when  no  other  instruments  but  am- 
meters and  voltmeters  are  obtainable.  One  of  these,  known 
as  the  three-voltmeter  method,  is  shown  in  Fig.  1506. 
The  circuit  in  which  the  power  expended  is  to  be  measured  is 
shown  by  be.  A  non-inductive  resistance  R  is  connected  in 
series  with  b  r,  so  that  the  current  flowing  through  R 
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same  as  that  flowing  through  the  circwt  in  question.  Read- 
ings are  then  taken  of  the  three  pressures  E^,  E^,  E^  which 
are  the  pressures,  respectively,  a-cross  the  circuit,  the  non- 
inductive  resistance,  and  both  combined.  If  the  resistance 
R  is  properly  chosen,  it  is  often  possible  to  get  these  three 


Fig.  1506. 

readings  with  one  voltmeter  without  going  beyond  the 
range  of  the  instrument,  by  having  an  arrangement  for 
switching  the  voltmeter  onto  the  different  parts  of  the  cir- 
cuit to  be  measured.  At  any  instant  during  a  cycle,  the 
sum  of  the  instantaneous  values  of  E^  and  E^  must  be  equal 
to  the  instantaneous  value  of  E,  or 

where  e,  ^,,  and  e^  represent  instantaneous  values  of  E.  M,  F. 
Then, 

or  2  ^,  ^,  =  ^^  —  <?,'  —  r,'. 

The  mstantaneotis  watts  supplied  to  the  circuit  b  c  would  be 

where  C  is  the  mstantaneotis  value  of  the  current.  But  a  b  \% 
a  non-inductive  resistance,  and  the  current  in  it  must  be  in 
phase  with  the  E.  M.  F.      Hence,  if  e^  is  the  drop  through  R 

g 
at  the  instant  the  current  is  c,  c  must  be  equal  to  -^,  and 

the  instantaneous  watts  must  be 


But 


^^^±e. 


e^  —  e,'  —  e^ 
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hence  the  watts  at  any  instant  are 

and  the  average  power  supplied  will  be 

average  tc  =  2"^  (^^-  ^''  ~  ^'^^'-  ^\ '  ~  ^'•'-  ^/)- 


The  readings  of  the  voltmeter  are,  however,  the  |/av.  e^ 
values;  consequently  the  power  expended  must  be  given  by 
the  expression 

»'^=3^(^^-^/-^v)-  (641.) 

In  some  cases  it  might  be  more  convenient  to  measure 
the  current  by  means  of  an  ammeter  C  than  to  determine 
the  value  of  the  resistance  K.      In  this  case  since 

^     £,  \        C 


W 


=  ^(^'-^/-^v)-         (642.) 


The  three-voltmeter  method  is  quite  frequently  used  for 
measuring  power,  but  it  is  not,  in  general,  as  accurate  in  its 
results  as  the  wattmeter,  and  the  latter  is,  therefore,  always 
used  when  available.  It  will  be  noticed  in  formula  642 
that  all  the  voltmeter  readings  are  squared;  consequently, 
if  a  slight  mistake  is  made  in  the  observations,  the  error  in 
the  result  may  be  quite  large. 


THREE-AMMETER  METHOIX 

3949.  Another  method  of  measuring  power  similar  to 
the  above,  and  known  as  the  three-ammeter  method,  is 
shown  in  Fig.  1507.  In  this  case  the  non-inductive  resistance 
c  d  [s  connected  in  parallel  with  the  circuit  under  test,  and 
readings  are  taken  of  the  current  in  the  resistance,  in  the 
circuit  under  test,  and  in  the  main  circuit.  Let  C  be  the 
current   in  the  main  circuit,  (\  in  the  resistance,  and  C^  in 
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the  circuit  in  which  the  power  expended  is  to  be  measured. 
Then  the  watts  are  given  by  the  formula 

R 


w=^i,o-c:-c:\ 


(643.) 
where  R  is  the  value  of  the  non-inductive  resistance. 


E 


Fig.  1507. 


The  student  can  work  out  the  proof  of  this,  as  it  is  similar 
to  that  for  the  three-voltmeter  method.  If  the  voltage  E  is 
known,  the  formula  may  be  written 

W  =  -^{C^-C:-C:\  (644.) 

in  which  case  it  is  not  necessary  to  know  the  value  of  the 
resistance  R.  This  method  is  also  open  to  the  same  objec- 
tions as  the  three-voltmeter  method,  but  it  is  well  to  bear 
both  in  mind,  as  they  may  often  be  of  value  when  watt- 
meters of  the  proper  range  are  not  at  hand. 


SINGLE-PHASE  ALTERNATORS. 


GENERAL  CHARACTERISTICS. 

3950.  Dynamo-electric  machines  used  for  the  genera- 
tion of  alternating  E.  M.  F.'s  are  known  as  alternators. 
It  has  already  been  shown  in  the  section  on  Applied 
Electricity  that  the  E.  M.  F.  generated  in  the  armature  of 
a  direct-current  dynamo  is  essentially  alternating,  and  that 
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the  commutator  is  supplied  to  change  the  connections  of 
the  external  ciicuit  so  that  the  current  in  it  may  be  direct. 
It  follows,  therefore,  that  if  the  proper  terminals  of  a  con- 
tinuous-current armature  were  connected  to  two  collector 
rings  in  place  of  a  commutator,  the  current  furnished  would 
be  alternating.  In  the  majority  of  cases,  however,  alterna- 
tor armatures  are  not  wound  in  the  same  way  as  those  for 
continuous  current,  and  the  E.  M.  F.  is  more  generally  pro- 
duced by  moving  a  set  of  coils  past  pole  faces  rather  than 
by  revolving  loops  or  coils,  as  is  done  in  direct-current  drum 
armatures.  In  other  words,  the  movement  of  the  coils  is 
best  looked  upon  as  one  of 
translation  rather  than  rota- 
tion. As  an  example  of  this, 
consider  a  horseshoe  electro- 
magnet as  shown  in  Fig. 
1508.  When  such  a  magnet 
is  excited  by  means  of  the 
coils  on  its  two  limbs,  lines  of 
force  will  flow  out  of  the 
north  pole  N  into  the  south 
pole  5,  as  indicated  by  the  ar- 
rows. The  two  pole  faces  are 
shown  in  the  lower  diagram, 
and  the  rectangular  coil 
of  wire  C  is  supposed  to  be 
moved  across  the  pole  face  jV 
t')    the    position    shown    by  Pig.  isoa 

the  dotted  outline  in  front  of  S.  When  the  coil  is  in  the 
position  shown  under  the  north  pole,  a  small  movement  of 
the  coil  to  the  right  will  not  cause  a  very  large  change  in 
the  number  of  lines  threading  it;  consequently,  only  a  small 
E.  M.  F.  will  be  induced.  While  the  conductors  are  moving 
under  the  pole-pieces,  the  E.  M.  F.  will  be  practically 
uniform  if  the  field  is  uniform,  and  when  the  coil  has  reached 
the  position  shown  by  the  dotted  line,  the  E.  M.  F.  will 
again  be  zero.  The  E.  M.  F.  has,  therefore,  passed  through 
one  alternation,  or  half  cycle,  while  the  coil  has  been  moved 
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through  the  distance  a  b.     This  E.  M.  F.  curve  may  be  of 
the  shape  shown  in  Fig.  1509,  the  portion  at  y  being  fairly 
y  uniform  while  the  conductors  are  moving 

/'  \  under  the  poles;  or  it  may  have  a  differ- 

/  \        ent  shape,  depending  upon  the  shape  of 

a  b      the  coil  and  pole-pieces  as  well  as  upon 

Fig.  1509.  ^Y\^^  ^^y  jj^  which  the  magnetic  lines  are 

distributed.  No  matter  what  the  shape  of  the  curve  rtj/^ 
may  be,  the  E.  M.  F.  passes  through  one  alternation  when  the 
coil  is  moved  a  distance  equal  to  that  from  the  center  of  one 
pole,  to  the  center  of  the  next.  If  the  coil  Cbe  moved  back 
from  S  to  A^,  the  same  set  of  values  of  the  E.  M.  F.  is  gener- 
ated in  the  opposite  direction;  hence,  by  moving  the  coil 
from  A^  to  vS  and  back,  the  y 

E.  M.    F.  passes   through        f 
one     complete     cycle     as        / 
shown  in  Fig.  1510.     The      « 
arrangement      shown      in 
Fig.    1508    would,    there- 
fore,    constitute    an    ele-  ^^°-  ^^^^• 
mentary   alternator,    and   the    E.  M.  F,  would   be   set   up 
by  movements  of   the  coil  back  and  forth  across  the  pole 


\^    u__l/___L__\.j.__..    u__y___L„\^_.^     u-^^f__4__.Vi__.. 


Fig.  1511. 

faces,   there  being  no  rotation  at  all.      Instead  of    moving 
the  coil  back  and  forth,  the  same  effect  could  be  jljroduced 
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by  moving  the  coil  forwards  continuously  in  front  of 
a  row  of  poles,  as  shown  in  Fig.  1511.  As  the  coil  C 
moves  past  the  poles,  it  cuts  the  lines  of  force  first  in  one 
direction  and  then  in  the  other,  thus  producing  the  alter- 
nating E.  M.  F.  represented  by  the  curve  below.  It  should 
be  noted  that  while  the  coil  moves  through  the  distance 
between  one  north  pole  and  the  next  pole  of  the  savie 
polarity^  the  E.  M.  F.  passes  through  one  complete  cycle. 
The  distance  from  a  to  c,  therefore,  corresponds  to  300°  on 
the  E.  M.  F.  curve,  and  a  b  to  180°.  For  every  pair  of 
poles  passed,  the  E.  M.  F.  passes  through  a  complete  cycle 
of  vahies;  hence  it  follows  that  the  nnviher  of  cycles  per 
second,  or  the  frequency  of  an  alternator,  is  equal  to  the 
yiumher  of  pairs  of  poles  which  the  armature  winding  passes 
per  second.      If  the   number  of    poles    on    the    machine    is 

.     P 

}\  the  number  of    pairs    of    poles  is  — ,   and   if  the   coil  is 

moved  past  the  poles  s  times  per  second,  the  frequency  «• 
will  be 

n  =  p.  (645.) 

3951.  Instead  of  the  single  coil  C,  Fig.  1511,  being  used 
by  itself,  three  other  coils,  shown  dotted,  might  be  connected 
in  series  or  parallel  with  C,  and  the  whole  four  moved  together 
in  front  of  the  poles.  If  the  coils  were  connected  in  series, 
it  is  evident  that  the  total  E.  M.  F.  produced  would  be  in- 
creased, because  all  the  E.  M.  F.'s  generated  in  the  turns 
of  the  different  coils  would  be  added  up.  If  they  were  con- 
nected in  parallel,  the  E.  M.  F.  would  be  the  same  as  that 
produced  by  the  single  coil,  but  the  current-carrying  capacity 
would  be  increased,  because  there  would  now  be  four  circuits 
to  carry  the  current  in  place  of  one.  It  should  be  noted 
particularly  that  no  matter  how  many  coils  there  are,  or 
how  they  are  connected  together,  the  frequency  remains  the 
same  so  long  as  the  speed  s  and  the  number  of  poles  is  con- 
stant. In  other  words,  the  frequency  of  an  alternator  does 
not  depend  upon   the  way  in  which  the  armature  is  wound. 
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Connecting  the  coils  in  series  is  equivalent  to  making  the 
winding  of  one  coil  of  a  large  number  of  turns;  connecting 
them  in  parallel  amounts  to  the  same  thing  as  winding  in 
one  coil  v/ith  a  heavy  conductor.  As  long,  therefore,  as  the 
coils  are  all  moved  simultaneously,  as  is  always  the  case,  the 
frequency  is  not  affected  in  any  way  by  the  scheme  adopted 
for  winding  and  connecting  up  the  armature. 

3952.  It  is  evident  that  an  alternating  E.  M.  F.  would 
be  set  up  in  the  coil  or  set  of  coils,  Fig.  1511,  if  the  magnet 
were  moved  and  the  coils  held  stationary.  Also,  both  coils 
and  magnet  might  be  stationary  and  an  E.  M.  F.  still  be 
induced  by  causing  the  lines  of  force  threading  the  coils  to 
vary.  These  three  methods  give  rise  to  the  following  three 
classes  of  alternators: 

1.  Those  in  which  the  armature  coils  are  moved  relatively 
to  the  field-magnet. 

2.  Those  in  which  the  field  is  moved  relatively  to  a  fixed 
armature. 

3.  Those  in  which  the  magnetic  fiux  passing  through  a 
fixed  set  of  coils  is  made  to  vary  by  moving  masses  of  iron, 
called  inductors^  past  them. 

For  convenience  in  referring  to  alternators,  we  will  sup- 
pose that  the  armature  is  the  revolving  part  and  the  field 
fixed,  though  it  must  be  remembered  that  actual  machines 
may  be  built  with  any  of  the  three  arrangements  mentioned 
above. 

CONSTRUCTION    OF  ALTERNATORS. 

3953.  The  commonest  type  of  alternator  is  that  in 
which  the  coils  are  mounted  on  a  drum  and  revolved  in 
front  of  a  magnet  consisting  of  a  number  of  radial  poles. 
Alternator  armatures  may  be  of  the  ring,  drum,  or  disk 
type,  but  the  drum  style  is  used  almost  exclusively  in 
America.  If  we  suppose  the  poles.  Fig.  1511,  bent  into  a 
circle  and  the  coils  mounted  upon  a  drum  revolving  within 
the  poles,  we  will  have  one  of  the  commonest  types  of  alter- 
nators.    This  arrangement  is  shown  in   Fig.    1512,   except 
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that  in  this  case  the  machine  is  provided  with  eight  radial 
poles  and  eight  coils  on  the  armature,  giving  a  style  of  wind- 
ing in  common  use  for  machines  used  on  lighting  circuits. 
In  this  case  there  are  as  many  coils  on  the  armature  as  there 
are  poles  on  the  machine ;  but  a  winding  might  easily  be 
used  in  which  there  would  be  only  half  as  many  coils  as 
poles.      There  is  a  large  variety  of    windings   suitable  for 


PIG.  1512. 

alternators,  and  the  designer  has  to  select  the  one  best  suited 
to  the  work  which  the  machine  has  to  do.  In  Fig.  1512  the 
coils  Care  shown  bedded  in  the  slots/  on  the  circumference 
of  the  iron  core  P^  which  is  built  up  of  thin  iron  stampings. 
These  coils  are  heavily  taped  and  insulated  and  are  secured 
in  place  by  hardwood  wedges  w.  This  makes  a  style  of 
armature  not  easily  injured,  and  the  use  of  the  dovetailed 
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slots  and  wooden  wedges  does  away  with  the  necessity  of 
band  wires.  As  the  armature  revolves,  the  coils  sweep 
past  the  pole  faces,  and  the  E.  M.  F.  is  generated  in  the  same 
way  as  in  the  case  shown  in  Fig.  1511,  i.  e.,  the  movement 
of  the  coils  relative  to  the  pole-pieces  becomes  one  of  trans- 
lation rather  than  of  rotation. 

3954.     Alternators  are  generally  required  to  furnish  a 
high   voltage,  and,  in   consequence,  the  armature  coils  are 


Fig.  1513. 

usually  connected  in  series.  Care  must  be  taken  in  connect- 
ing up  such  windings  to  see  that  the  coils  are  so  connected 
that  none  of  the  E.  M.  F.'s  oppose  one  another.  By  laying 
out  a  diagram  of  the  winding,  the  manner  in  which  the  coils 
must  be  connected  will  be  easily  seen.  This  has  been  done 
in  Fig.  1513,  which  shows  diagrammatically  the  winding  of 
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the  armature  in  Fig.  1512.  The  coils  are  represented  by 
the  heavy  sector-shaped  figures,  and  the  connections  between 
them  by  the  lighter  lines.  The  circles  in  the  center  repre- 
sent the  collector  rings  of  the  machine,  and  the  radial  lines 
that  part  of  the  coil  which  lies  in  the  slot,  that  is,  the  part 
in  which  the  E.  M.  F.  is  generated.  The  circular  arcs  join- 
ing the  ends  of  the  radial  lines  represent  the  ends  of  the 
coils  which  project  beyond  the  laminated  armature  core. 
The  drawing  is  made  to  show  the  coils  at  the  instant  the 
conductors  in  the  slots  are  opposite  the  centers  of  the  pole- 
pieces.  At  this  instant  the  E.  M.  F.  will  be  assumed  to  be 
at  its  maximum  value,  and  we  will  suppose  that  the  direction 
of  rotation  is  such  that  the  conductors  under  the  north  poles 
have  their  E.  M.  F.'s  directed  from  the  back  of  the  arma- 
ture towards  the  front.  These  E.  M.  F.'s  will  be  denoted 
by  an  arrow-head  pointing  towards  the  center  of  the  circle, 
since  the  inner  end  of  the  radial  lines  represents  the  front  or 
collector-ring  end  of  the  armature.  The  E.  M.  F.'s  in  the 
conductors  under  the  south  poles  must  be  in  the  opposite 
direction,  or  pointing  away  from  the  center.  After  having 
marked  the  direction  of  these  E.  M.  F.'s,  it  only  remains  to 
connect  the  coils  up  so  that  the  current  will  flow  in  accord- 
ance with  the  arrows.  Starting  from  the  collector  ring  R, 
and  passing  through  the  coils  in  the  direction  of  the  arrows, 
it  is  seen  that  the  connections  of  every  other  coil  must  be 
reversed;  i.  e.,  if  1,  1\  2,  2\  etc.,  represent  the  terminals  of 
the  coils,  1'  and  2'  must  be  connected  together,  also  2  and  3, 
and  so  on.  The  end  S  is  connected  to  the  other  collector 
ring  and  the  winding  thus  completed.  The  connections  of 
such  a  winding  are  quite  simple;  but  if  not  connected  with 
regard  to  the  direction  of  the  E.  M.  F.'s,  as  shown  above, 
the  armature  will  fail  to  work  properly.  For  example,  if  1' 
were  connected  to  2^  2'  to  S,  and  so  on  around  the  armature, 
the  even-numbered  coils  would  exactly  counterbalance  the 
odd-numbered  ones,  and  no  voltage  would  be  obtained 
between  the  collector  rings.  Of  course,  in  this  case  all  the 
coils  are  supposed  to  be  wound  in  the  same  direction,  as  is 
nearly  always  done  in  practice.     The  connections  shown  in 
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the  diagram,  Fig.  1513,  are  shown  between  the  coils  in  Fig. 
1512.  It  should  be  noted,  in  passing,  that  this  constitutes 
an  open-circuit  winding;  that  is,  the  winding  is  not  closed 
on  itself,  like  that  of  a  continuous-current  drum  or  ring 
armature.  A  large  number  of  alternator  windings  are  of 
the  open-circuit  type,  which  is  better  adapted  for  the  pro- 
duction of  high  voltages,  because  it  admits  of  a  large  number 
of  turns  being  connected  up  in  series. 

3955.     Most  alternating-current  dynamos  of  the  revolv- 
ing-armature and  stationary-field  type  are  built  on  much  the 


Fig.  1514. 

same  lines  as  direct-current  multipolar  machines.  Usually, 
however  they  have  a  larger  number  of  poles.  Fig.  1514 
shows  a  common  type  of  alternator  with  revolving  armature 
a  and  stationary  field  /',  with  inwardly  projecting  poles,  on 
which  are  placed  the  spools  s.  This  is  an  eight-pole  machine 
with  an  armature  winding  similar  to  that  shown  in  the  dia- 
gram, Fig.  1513.  The  two  collector  rings  r,  r'  are  seen 
mounted  on  the  end  of  the  shaft  outside  the  bearing,  and 


CURRENT   APPARATUS.  2655 

are  connected  to  the  armature  winding  by  heavily  insulated 
leads  passing  through  a  hole  in  the  shaft.  Some  machines 
have  the  collector  rings  on  the  armature  side  of  the  bearing, 
thus  avoiding  the  necessity  of  bringing  the  wires  through 
the  shaft,  but  making  the  distance  between  the  centers  of 
the  bearings  greater. 

3956.  The  number  of  poles  on  these  machines  is  made 
large,  in  order  to  obtain  the  necessary  frequency  without 
running  the  machine  at  too  high  a  speed.  It  is  evident  from 
what  has  been  pointed  out  in  Art.  3950  that  for  every 
revolution  of  the  armature  the  E.  M.  F.  passes  through  as 
many  complete  cycles  as  there  are  pairs  of  poles,  and  the 

p 
frequency  was  shown  to  be  n  =—s,  where  P=  number  of 

poles,  and  s  —  revolutions  of  the  armature  per  second. 
If  we  represent  the  number  oi  pairs  of  poles  hy  p^ 

n=pxs,  (646.) 

or  j  =  ^.  (647.) 

p 

Therefore,  with  a  given  frequency  «,  the  number  of  poles 
must  be  made  large  if  the  speed  s  is  to  be  kept  down.  For 
example,  if  an  alternator  has  8  poles  and  runs  at  a  speed  of 
900  rev.  per  min.,  its  frequency  will  be  f  X  Vo"  =  ^0  cycles 
per  sec.  If  we  attempted  to  obtain  a  frequency  of  GO,  which 
is  a  very  common  one,  by  using  a  two-pole  machine,  its 
speed  would  have  to  be  j  =  ^-,  or  GO  rev.  per  sec,  or  3, GOO 
rev.  per  min.,  a  speed  altogether  too  high  for  a  machine  of 
any  size. 

3957.  It  follows  from  the  above  that  if  the  frequency 
is  fixed,  as  it  usually  is,  and  it  is  desired  to  run  an  alternator 
at  a  given  speed,  it  must  be  made  with  such  a  number  of 
poles  /*that  the  condition  «  =/>  x  J  will  be  fulfilled.  Alter- 
nators are  often  required  to  run  at  a  specified  speed  incases 
where  they  are  to  be  coupled  directly  to  water-wheels  or 
engines.     This  leads  to  the  designing  of  a  large  number  of 
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special  machines  suited  to  these  conditions,  because  alterna- 
tors, on  account  of  the  relation  which  must  be  preserved 
between  frequency,  speed,  and  number  of  poles,  can  not  be 
adapted  to  different  conditions  of  speed  and  voltage  by- 
changing  the  armature  winding,  as  is  done  with  direct-cur- 
rent machinery.  The  number  of  poles  used  on  commercial 
machines  varies  greatly,  as  there  is  a  wide  range  of  frequen- 
cies and  speeds  to  be  met.  Alternators  are  built  with  the 
number  of  poles  varying  all  the  way  from  4  up  to  60  or  80 
and  sometimes  more.  The  number  of  poles  usually  increases 
with  the  size  of  the  machine,  because  the  speed  of  the  larger 
dynamos  is  necessarily  less  than  that  of  the  smaller.  The 
Westinghouse  1,200  K.  W.  alternator  may  be  mentioned  as 
an  example  of  a  large  machine  adapted  for  direct  connection 
to  a  steam-engine.  This  alternator  has  40  pol6s  and  runs  at 
a  speed  of  180  R.  P.  M.,  thus  delivering  current  at  60  cycles. 
The  number  of  poles,  the  output,  and  speed  of  some  of  the 
smaller  sized  machines  are  given  below: 

TABLE   115. 

ALTERNATORS. 


60  Cycle. 

No.  Poles. 

125  Cycle. 

No.  Poles. 

Output 
K.  W. 

Speed 
R.  P.  M. 

Output 
K.  W. 

Speed 
R.  P.  M. 

8 
12 
16 

75 
150 
250 

900 
600 
450 

10 
14 
16 

30 
120 
200 

1,500 

1,070 

940 

3958.  The  E.  M.  F.  curve  furnished  by  an  alternator 
of  the  type  shown  in  Fig.  1514  would  not  follow  the  sine 
law.  Such  machines,  with  heavy  coils  embedded  in  slots, 
usually  give  a  curve  which  is  more  or  less  peaked  and  rag- 
ged in  outline,  and  are  best  adapted  for  lighting  work.  For 
purposes  of  power  transmission  it  is  desirable  to  have  a  ma- 
chine giving  a  smooth  E.  M.  F.  wave,  and  this  can  be  obtained 
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by  adopting  the  proper  kind  of  winding  for  the  armature. 
The  advantages  and  disadvantages  of  the  different  wind- 
ings will  be  taken  up  in  connection  with  alternator  design, 
attention  being  paid  here  to  the  principles  governing  the 
generation  of  the  E.  M.  F.  and  the  connecting  up  of  the 
armature  coils. 


-J-- 


w- 


X 


-Pitch 


-^ 


Fig.  1515. 
The  shape  of  the  E.  M.  F.  curve  is 


3959.  The  distance  e  f,  Fig.  1515,  from  the  center  of 
one  pole-piece  to  the  center  of  the  next  is  called  the  pitch 
of  the  alternator.  The  relation 
between  the  pitch  and  the  width 
of  pole  face  A  varies  in  different 
makes  of  machines,  but  in  a  large 
number  of  American  alternators  the 
distance  B  between  the  poles  is  made 
equal  to  the  width  of  pole  face  A  or  ^ 
the  pitch,  and  the  pole-pieces  cover 
50j^  of  the  armature 
determined  largely  by  the  relative  shape  of  the  coils  and 
pole-pieces  and  the  way  in  which  the  conductors  are  dis- 
posed on  the  surface  of  the  armature. 

The  width  of  the  opening  W  in  the  coil  should  not  in  general 
be  much  less  than  the  breadth  of  the  pole-piece 
A.  It  has  been  found  that  it  may  be  slightly 
less  without  doing  any  harm ;  but  if  made  too 
narrow,  trouble  is  likely  to  arise  owing  to  the 
E.  M.  F.'s  induced  in  different  conductors  of 
the  same  coil  being  opposed  to  each  other, 
thus  cutting  down  the  total  E.  M.  F.  gener- 
ated. 

This  will  be  seen  by  referring  to  Fig.  1516, 
where  a  coil  of  three  turns  is  shown  with  its 
width  of  opening  TFless  than  the  polar  width 
A.  When  the  coil  moves  across  the  pole  face 
in  the  direction  of  the  arrow,  the  E.  M.  F.'s 
induced  in  the  i\\"  conductors  a  and  /'  will 
both  be  in  the  same  direction,  because  they  both  cut  lines  of 
force  in  the  same  way.     The  consequence  is  that  these  two 


Fig.  1.M6. 


2658  THEORY  OF  ALTERNATING 

E.  M.  F.'s  oppose  each  other,  as  will  be  readily  seen  by  fol- 
lowing the  arrow-heads.  When  an  alternator  is  loaded,  the 
armature  reaction  causes  the  magnetism  to  crowd  more  or 
less  towards  one  side  of  the  poles,  thus  practically  reducing 
the  width  of  the  magnetic  flux,  and  on  account  of  this  it  has 
been  found  possible  to  make  the  width  IV  a  little  less  than 
A  without  bad  results.  Usually,  however,  the  width  of  the 
opening  is  nearly  equal  to  that  of  the  pole  face. 


CALCULATION  OF  E.  M.  F.  GENERATED  BY  ALTERNATORS. 

3960.  It  has  already  been  shown  (Art.  3882)  that  the 
effective  E.  M.  F.  induced  in  a  coil,  when  a  magnetic  flux 
N  is  made  to  vary  through  it  according  to  the  sine  law,  is 

4.44:  NTn 


E  = 


10' 


This  is  the  case  in  an  alternator  producing  a  sine  E.  M.  F. 
The  flux  N^  which  is  caused  to  vary  through  the  coils  by 
the  motion  of  the  armature,  is  the  number  of  lines  flow- 
ing from  one  pole-piece;  7" is  the  total  number  of  turns  on 
the  armature  connected  in  series;  and  «  is  tTie  frequency. 
This  formula  may  be  easily  proved  by  remembering  that 
the  average  volts  =  average  number  of  lines  of  force  cut  per 
second  -f-  10*. 

Let  s  =  revolutions  per  second  ; 
p  =  number  pairs  of  poles; 
2/=  number  of  poles; 

N  =  number  of  lines  flowing  from  one  pole  • 
T  =  number  of  turns  in  series; 
2  T=  number  of  conductors  in  series. 

Each  conductor  cuts  an  average  of  2/ VV  lines  per  revolu- 
tion, or  2/ A''.? lines  per  second;  hence, 

^  . .  -,       2pNsx2T      4NTps 
average  E.  M.  F.  =  -^ — —, =  — ^^/— . 

But  P  X  s  =  frequency  =  n ; 

4  -V  Tn 


hence,  average  E.  M.  F.  = 


10' 
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The  effective  E.  M.  F.  is  l.ll  times  the  average;  therefore, 


j._4:N  Tn  X  1.11 
10" 


10* 


(648.) 


or,  t/ie  effective  E.  M.  F.  generated  by  an  alternator  is  equal 
to  4-4^  times  the  product  of  the  number  of  lines  flowing  from 
one  pole,  the  number  of  turns  connected  in  series,  and  the 
frequency,  divided  by  10*. 

3961.     Formula  648  gives  the  effective  E.  M.  F.  at  the 

collector  rings  when  the  alternator  is  run  without  any  load, 
i.  e.,  on  open  circuit.  If  the  machine  be  loaded,  the 
E.  M.  F.  at  the  terminals  will  fall  off  from  the  value  given 
by  the  above  equation.  This  formula  gives  the  total  effect- 
ive E.  M.  F.  generated  only  when  the  turns  7"  which  are 
connected  in  series  are  so  situated  as  to  be  simultaneous- 
ly affected  by  the  changes  in  the  magnetic  flux.  This 
means  that  the  conductors  must  be  bunched  together  into 
heavy  coils  like  those  shown  in  Fig.  1512  if  the  maximum 
effect  is  to  be  obtained.  If  the  winding  were  spread  out 
over  the  surface  of  the  drum,  as  is  done  in  direct-current 
armatures,  the  E.  M.  F.  in  one  set  of  conductors  would  not 
rise  to  its  maximum  value  until  after  the  E.  M.  F.  in  the 
preceding  set.  For  example,  suppose  we  had  an  alternator 
wound  with  flat  pan-cake  coils  as  shown  in  Fig.  1517.     The 


Fio.  1617. 


coil  is  here  spread  out  to  a  certain  extent,  and  the 
E.  M.  F.'s  in  the  different  turns  would  be  slightly  out  of 
phase  with  each  other,  because  they  would  not  all  come  into 
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and  go  out  of  action  at  the  same  instant.  The  total  E.  M.  F. 
generated  by  such  a  coil  would  be  the  resultant  sum  of  the 
E.  M.  F.'s  generated  in  the  different  turns,  and  the  more 
these  separate  E.  M.  F.'s  are  thrown  out  of  phase  by  spread- 
ing out  the  coil,  the  smaller  would  be  the  resultant  terminal 
E.  M.  F.  obtained.  If  the  five  turns  of  the  coil  shown  in 
Fig.  1517  were  placed  together  in  a  slot,  they  would  all  be 
affected  by  the  magnetic  flux  at  practically  the  same  instant. 
Hence,  for  a  given  length  of  active  armature  conductor, 
concentrated  windings  produce  the  maximum  E,  M.  F.  at  no 
load,  and  if  the  winding  is  distributed,  the  terminal  E.  M.  F. 
at  no  load  is  lowered.  Both  kinds  of  winding  have  their 
advantages  and  disadvantages,  which  will  be  taken  up  in 
connection  with  alternator  design.  For  the  present  the 
student  will  please  bear  in  mind  that  formula  648  gives 
the  E.  M.  F,  when  the  machine  is  running  on  open  circuit 
and  when  the  winding  is  so  concentrated  that  all  the  con- 
ductors pass  into  and  out  of  action  simultaneously. 

3962.  The  E.  M.  F.  obtained  at  the  terminals  or  col- 
lector rings  of  the  alternator  may  be  considerably  less  than 
that  given  by  formula  648  when  the  machine  is  loaded, 
because  a  portion  of  the  E.  M.  F.  generated  will  be  used  up 
in  forcing  the  current  through  the  armature  against  its 
resistance,  and  some  of  the  E.  M.  F.  will  also  be  netessary  to 
overcome  the  self-induction.  In  the  case  of  a  direct-current 
dynamo,  the  pressure  obtained  at  the  brushes  for  any  given 
load  is  equal  to  the  total  pressure  generated  less  the  pressure 
necessary  to  overcome  the  resistance  of  the  armature.  If  C 
is  the  current  and  R^  the  armature  resistance,  the  lost  voltS 
are  C  ^^^  and  the  pressure  at  the  brushes  \s  E^=-  E  —  C  R^, 
where  E  is  the  total  voltage  generated.  In  the  case  of  an 
alternator,  the  voltage  at  the  terminals  may  fall  off  greatly  as 
the  load  is  increased,  on  account  of  the  armature  self- 
induction,  the  falling  off  being  much  greater  than  that 
accounted  for  by  the  resistance.  The  effects  of  armature 
self-induction  will  best  be  understood  by  referring  to  Figs. 
1518  and  1519.     The  alternator  is  supposed  to  be  run  at  a 
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constant  speed  with  a  constant  strength  of  field ;  the  total 
E.  M.  F.  gencratcd'xn  the  armature  will  therefore  be  constant, 
because  the  rate  at  which  lines  of  force  are  cut  does  not 


Fig.  1518. 

change,  no  matter  what  current  is  taken  from  the  machine. 
We  will  suppose  that  the  alternator  is  working  upon  a  non- 
inductive  load,  such  as  incandescent  lamps,  and  we  will  repre- 
sent the  current  in  the  external  circuit  by  the  line  o  x,  Fig. 
1518.  The  E.  M.  F.  necessary  to  overcome  the  armature 
resistance  will  be  represented  by  d?  ^  in  phase  with  the  cur- 
rent o  X  and  equal  to  R^  C;  the  E.  M.  F.  necessary  to  over- 
come the  armature  reactance  2^n  LC  will  be  represented  by 
o  c  90°  ahead  of  the  current;  and  the  total  E.  M.  F.  neces- 
sary to  overcome  both  resistance  and  reactance  will  be  ^  ^  = 
C i/R^  +  (2  7tn  Ly,  0°  ahead  of  the  current  in  phase.  The 
resultant  sum  of  this  E.  M.  F.  o  d  and  the  E.  M.  F.  obtained 
at  the  terminals  of  the  alternator  must  always  be  equal  to 
the  total  E.  M.  F.  generated  if,  which  is  of  fixed  value  so  long 
as  the  speed  and  field  excitation  remain  constant.  Since 
the  alternator  is  working  on  a  non-inductive  load,  the 
terminal  voltage  £'  must  be  in  phase  with  the  current  and 
in  the  same  direction  as  the  current  line  o  x,  Fig.  1519. 
The  line  o  d,  0°  ahead  of  o  x  and  equal  to  o  d.  Fig.  1518, 
represents  the  amount  and  direction  of  the  E.  M.  F.  to  over- 
come the  armature  impedance.  Hence  the  total  E.  M.  F.  ii 
must  be  the  diagonal  of  a  parallelogram  which  has  its  sides 
parallel  to  o  d  and  o  x,  and  of  which  o  d  is  one  side.  The 
value  of  the  terminal  E.  M.  F.  £'  must  therefore  be  o  /, 
and  it  wiU  be  noticed  that  it  is  considerably  less  than  the 
E.  M.  F.  //.  By  examining  these  two  diagrams,  it  will  be  seen 
that  if  the  induitanceof  the  armature  is  large  compared  with 
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the  resistance,  the  line  ^^  will  be  long  and  the  angle  ^  nearly 
90°.  Consequently,  the  terminal  E.  M.  F.  E'  obtained  from 
a  given  E.  M.  F.  E  will  be  very  small.  If  sufficient  current  is 
taken  from  a  machine  with  large  armature  self-inductance, 
the  terminal  E.  M.  F.  may  fall  to  zero;  that  is,  all  the  voltage 
generated  is  used  up  in  overcoming  the  impedance  of  the 
armature,  and  we  have  practically  a  wattless  current  flow- 
ing. 


3963.    Alternators  having  high  armature  self-inductance 
may  be  short-circuited  without  much  danger  of  burning  them 

out.  When  a  machine  of 
this  kind  is  short-circuited 
the  current  does  not  rise 
to  a  very  large  amount, 
as  with  direct-current  ma- 
chines, because  the  volt- 
age generated  is  required 
to  overcome  the  induct- 
ance, and  is  unable  to  set 
up  a  large  current.  As 
the  load  is  increased,  the 
E.  M.  F.  falls  off  at  first 
slowly  and  then  more  rap- 
idly, until,  when  a  certain 
current  is  reached,  the 
terminal  E.  M.  F.  has 
dropped  to  zero,  and  no 
further  increase  in  current  can  take  place.  This  is  illustrated 
by  Fig.  1520,  which  shows  a  curve  taken  from  an  alternator 
with  an  armature  of  fairly  high  self-induction.  The  normal 
full-load  current  of  this  machine  is  25  amperes,  and  it  is  seen 
that  as  the  load  is  increased,  the  terminal  voltage  keeps  fall- 
ing off,  until  at  short  circuit  the  current  is  about  47  amperes 
and  the  terminal  voltage  zero.  Such  a  machine  would  prob- 
ably not  be  injured  by  a  short  circuit,  because  it  would  be 
able  to  carry  a  current  of  47  amperes  for  some  time  without 
dangerously  overheating  the  armature. 
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3964.  The  student  will  see  from  the  above  that  the  out- 
put of  an  alternator  may  be  limited  if  the  armature  self- 
induction  is  too  high,  because  the  voltage  may  drop  off 
before  the  machine  is  delivering  the  current  which  it  is 
capable  of  doing  without  overheating.  The  output  of 
alternators  is,  of  course,  affected  by  the  heating  of  the 
armature  conductors,  just  as  in  the  case  of  direct-current 
machines,  and  the  output  is  in  most  cases  limited  by  this 
effect  rather  than  by  the  self-induction. 


EXAMPLES  FOR   PRACTICE. 

1.  If  an  alternator  is  to  run  at  1,200  R.  P.  M.  and  to  give  a  frequency 
of  60  cycles  per  second,  how  many  poles  must  it  have  ?  Ans.  6. 

2.  How  many  poles  should  a  60-cycIe  alternator  have  if  it  is  desired 
to  couple  it  directly  to  a  water-wheel  running  225  R.  P.  M.?       Ans.  32. 

3.  A  ten-p>ole  alternator  runs  at  the  rate  of  1,500  R.  P.  M.  The 
armature  is  provided  with  ten  coils  of  40  turns  each,  connected  in 
series,  and  the  flux  through  each  p>ole  is  1,000,000  lines.  What  E.  M.  F. 
will  the  machine  give  at  the  collector  rings  when  running  on  open 
circuit  ?  Ans.  2,220  volts. 

FIELD   EXCITATION   OF   ALTERNATORS. 

3965.  In  most  alternating-current  systems,  the  voltage 
at  the  points  where  the  current  is  distributed  is  kept  con- 
stant, or  nearly  so.  This  means  that  the  voltage  at  the 
terminals  of  the  alternator  must,  as  a  rule,  rise  slightly  as 
the  load  comes  on,  the  amount  of  rise  depending  upon 
the  loss  in  the  line.  At  any  rate,  the  voltage  at  the  termi- 
nals must  not  drop  off,  and,  as  it  has  been  shown  above 
that,  with  constant  field  excitation,  the  voltage  will  fall  off 
with  the  load,  it  becomes  necessary  to  increase  the  strength 
of  the  field-magnets  as  the  current  output  of  the  machine 
increases.  For  accomplishing  this  there  are  two  methods 
in  use,  which  are  analogous  to  those  employed  for  the  reg- 
ulation of  shunt  and  compound  wound  continuous-current 
machines. 

3966.  The  simplest  method  is  that  indicated  by  the 
diagram,  Fig.  1521.      [['represents  the  armature  winding. 
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the  terminals  7",  T'  of  which  are  connected  to  the  col- 
lector rings  R,  R\  connecting  to  the  line  by  means  of  the 
brushes  g,  h.  The  field  is  excited  by  a  set  of  coils  on 
the  pole-pieces  represented  by  C^  and  current  is  supplied 
to  these  from  a  small  continuous-current  dynamo  or 
exciter  E.  This  is  a  small  shunt-wound  machine  with  an 
adjustable  field  rheostat  r  in  its  shunt  field/".     An  adjust- 

^VWVW\M/ 


Fig.  1621. 

able  rheostat  R  is  placed  also  in  the  alternator  field  circuit. 
When  the  voltage  drops,  the  fields  may  be  strengthened  by 
adjusting  the  resistances  R  and  r.  This  method,  which  is 
that  used  with  plain  separately  excited  alternators,  serves 
to  keep  the  voltage  right,  and  may  be  used  with  advantage 
when  a  number  of  alternators  are  supplied  from  one 
exciter;  but  it  is  a  hand  method,  and  is  therefore  objec- 
tionable if  the  load  varies  much. 

3967.  The  second  method,  shown  in  Fig.  1522,  varies 
the  excitation  of  the  field  in  proportion  to  the  current 
which  the  machine  is  supplying,  and  thus  keeps  the  voltage 
up  automatically.  Each  field  coil  in  this  case  consists  of 
two  windings    similar  to    those  used   on  compound-wound 
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continuous-current  dynamos.  One  set  of  windings  is  sep- 
arately excited  by  means  of  the  exciter  E,  and  is  provided 
with  a  rheostat  R,  as  in  the  previous  case.  The  field  of  the 
exciter  is  also  provided  with  a  rheostat  r.  The  greater  part 
of  the  current  furnished  by  the  alternator  flows  through  the 
series  winding  represented  by  the  heavy  coil  S\  and  since 
this  causes  the  magnetism  to  increase,  the  machine  main- 
tains its  voltage.     The  separately  excited  coils  set  up  the 
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Fig.  1522. 


magnetism  necessary  for  the  generation  of  the  voltage  at 
no  load,  and  the  series  coils  furnish  the  additional  magnet- 
ism necessary  to  supply  the  voltage  to  overcome  the  arma- 
ture impedance. 

3968.  The  current  flowing  in  these  series  coils  must 
not  be  alternating,  because  if  it  were  it  would  tend  to 
strengthen  the  poles  one  instant  and  reverse  them  the  next, 
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and  on  this  account  the  current  must  be  rectified  before 
being  sent  around  the  field.  This  is  accompHshed  by  means 
of  the  commutator,  or  rectifier,  C  C\  which  is  mounted  on 
the  shaft  alongside  the  collector  rings.  It  consists  of  two 
castings  C,  C  (shown  developed  in  the  figure),  which  are 
fitted  together  and  form  a  commutator  of  as  many  sections 
as  there  are  poles  in  the  machine.  The  alternate  sections 
are  connected  together  by  the  conductors  r,  c\  as  shown  in 
Fig.  1523,  the  light  sections  belonging  to  one  casting  C 
and  the  dark  to  the  other  C.  Two  brushes 
d  and  e  which  press  on  the  commutator  are 
so  arranged  that  one  is  always  in  contact 
with  C^  while  the  other  touches  C .  The 
connections  are  as  shown  in  the  diagram. 
One  terminal  T  of  the  armature  winding 
connects  directly  to  the  ring  R  and  thence  to 
Fig.  1523.  the  line.     The  other  terminal  T'  connects  to 

one  side  of  the  rectifier  C,  and  the  other  side  C  is  connected 
to  the  remaining  ring  R .  By  following  the  direction  of  the 
current,  it  will  be  seen  that  while  the  rectifier  causes  the 
current  to  flow  in  the  same  direction  in  the  series  coils  S, 
it  still  remains  alternating  in  the  line  circuit.  Take  the 
instant  when  the  coils  occupy  such  a  position  that  the  current 
is  flowing  out  from  the  terminal  7",  and  mark  the  direction 
of  flow  in  the  different  parts  of  the  circuit  by  the  closed 
arrow-heads.  The  current  will  flow  out  on  the  line  L,  back 
on  M  to  C\  through  5,  flowing  from  left  to  right,  back  to 
C,  and  thence  back  to  the  armature.  When  the  armature 
has  turned  through  a  distance  equal  to  that  between  two 
poles,  the  current  will  be  flowing  in  the  opposite  direction, 
as  indicated  by  the  open  arrow-heads;  that  is,  it  will  be 
flowing  out.  from  T'  to  C,  from  C  it  will  go  to  the  brush  e 
instead  of  d^  because  it  must  be  remembered  that  the  recti- 
fier has  turned  through  the  same  angle  as  the  armature, 
and  hence  ^has  slid  from  C  on  to  C .  From  e  the  current 
flows  through  vS  in  tJie  same  direction  as  before  back  to  C\ 
out  on  the  line  M,  and  back  on  L  to  T.  The  action  of  the 
rectifier    is,   briefly,   to    keep  changing  the  connections  of 
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</and  ^as  the  current  changes,  thus  keeping  the  current  in  S 
in  the  same  direction  while  it  remains  alternating  in  the 
line.  Usually  the  brushes  d,  e  are  placed  on  the  commu- 
tator as  shown  by  rt^and  e\  Fig.  1523,  in  order  to  have  them 
farther  apart,  their  action,  however,  being  the  same.  A 
shunt  resistance  S'  is  usually  placed  across  the  coils  .S",  in 
order  to  adjust  the  compounding  of  the  machine  to  the  cir- 
cuit on  which  it  is  to  work,  since  by  varying  S\  the  percent- 
age of  the  total  current  passing  around  the  field  can  be 
changed. 

3969.  Another  method  very  similar  to  the  above  is 
also  employed,  in  which  the  main  current,  instead  of  passing 
through  the  rectifier  and  series  coils,  flows  through  the  pri- 
mary of  a  small  transformer  carried  in  the  armature.  The 
secondary  of  this  transformer  is  connected  to  the  rectifier 
and  supplies  the  series  field  with  a  current  which  varies 
directly  with  the  load. 


REVOLVING-FIEI.D  AND  INDUCTOR 
ALTERNATORS. 
3970.  It  has  been  mentioned  previously  that  it  makes 
no  difference  in  the  case  of  an  alternator  whether  the  field 
or  armature  is  the  revolving  part.  It  is  hardly  practicable 
to  make  a  direct-current  dynamo  with  a  revolving  field 
and  stationary  armature,  because  it  is  necessary  that  the 
brushes  should  always  press  on  the  commutator  at  certain 
neutral  points  which  bear  a  fixed  relation  to  the  field,  and 
the  brushes  would,  therefore,  have  to  revolve  with  it. 
This,  of  course,  would  be  objectionable,  because  it  is  often 
necessary  to  get  at  the  brushes  while  the  machine  is  run- 
ning. In  an  alternator  the  brushes  pressing  on  the  col- 
lector rings  do  not  have  to  bear  any  fixed  relation  to  the  field, 
consequently  there  is  no  objection  to  the  use  of  a  fixed  arma- 
ture, the  current  from  which  can  be  carried  off  by  leads 
connected  to  the  winding.  Two  collector  rings  are  neces- 
sary for  carrying  the  exciting  current  into  the  revolving 
field,    so    that    the    use    of  the   stationary    armature    does 
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not  do  away  with  moving  contacts.  The  revolving-field 
type  has  an  advantage  in  that  the  armature,  being  station- 
ary, is  easy  to  insulate  for  high  voltages.  This  construc- 
tion also  admits  of  the  ready  use  of  armatures  of  large 
diameter,  thus  rendering  such  machines  particularly  adapted 
to  slow  speeds. 

3971.  Alternators  of  the  revolving-field  type  are  com- 
ing rapidly  into  use,  and  some  have  been  built  generating 
pressures  of  eight  to  ten  thousand  volts.  The  arrangement 
of  the  parts  of  this  type  of  machine  is  usually  similar  to  that 
shown  in  Fig.  1524.      This  shows  a  portion  only  of  the  sta- 


FlG.  1524. 

tionary  armature  A,  which  is  external  to  the  revolving  field. 
The  armature  core  is  built  up  of  a  large  number  of  sectional 
stampings  C  provided  with  slots  on  their  inner  periphery, 
and  the  whole  core  structure  is  clamped  in  a  heavy  cast-iron 
yoke  A  by  means  of  the  flange  B.  The  armature  coils  D 
are  held  in  the  slots  by  means  of  wooden  wedges  in  much 
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the  same  way  as  in  the  revolving  armature  machines.  The 
field  structure  is  made  up  of  a  cast-steel  ring  G  carried  by 
the  arms  //,  which  terminate  in  a  hub  keyed  to  the  shaft. 
Laminated  field  cores  E  are  bolted  to  G  by  means  of  bolts 
/%  and  the  field  spools  K  are  held  on  by  means  of  flanges  O. 
These  coils  are  connected  together,  and  the  leads  Z,  JM  are 
connected  to  two  collector  rings  on  the  shaft  by  means  of 
which  the  exciting  current  is  supplied. 

3972.  In  the  inductor  type  of  alternator,  the  collector 
rings  for  supplying  current  to  the  field  may  be  done  away 
with,  and  a  machine  obtained  which  has  no  moving  contacts 
whatever.  In  this  class  of  machine,  a  mass  of  iron  or 
inductor  with  projecting  poles  is  revolved  past  the  station- 
ary armature  coils.  The  magnetism  is  set  up  by  a  fixed 
coil  encircling  the  inductor,  and  as  the  iron  part  revolves 
the  magnetism  sweeps  over  the  face  of  the  coils,  thus  caus- 
ing an  E.  M.  F,  to  be  set  up.    Fig.  1525  shows  the  principle 


Fig.  1525. 


of  the  Westinghouse  inductor  alternator.  In  this  machine 
the  circular  iron  frame  E  supports  the  laminations  /%  which 
constitute  the  armature  core.  These  are  provided  with  slots 
in  which  the  coils  G  are  placed.  Inside  of  the  armature  is 
the  revolving  inductor  A,  provided  with   the   projections  C 
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built  up  of  wrought  iron  or  steel  laminations.  The  circular 
exciting  coil  D  is  stationary  and  encircles  the  inductor  A, 
thus  setting  up  a  magnetic  flux  around  the  path  indicated 
by  the  dotted  line.  The  projecting  poles  C  are  all,  there- 
fore, of  the  same  polarity,  and  as  they  revolve,  the  magnetic 
flux  sweeps  over  the  coils.  Although  this  arrangement 
does  away  with  collector  rings,  the  machines  are  not  so 
easily  constructed  as  other  types,  especially  in  the  large 
sizes.  The  coil  D  becomes  large  and  difficult  to  support  in 
place,  and  would  be  hard  to  repair  in  case  of  breakdown. 
The  collector  rings  supplying  a  low-tension  current  to  re- 
volving-field coils  should  give  little  or  no  trouble;  so,  taking 
all  things  into  consideration,  it  is  questionable  whether  the 
inductor  machine  possesses  any  advantage  over  those  with 
the  revolving  field.  The  Warren  and  Stanley  machines 
operate  on  the  same  principle  as  the  Westinghouse  machine, 
shown  in  Fig.  1525.  The  Stanley  machine  is  double,  having 
a  set  of  poles  on  each  end  of  the  inductor,  with  the  exciting 
coil  between,  and  is  provided  with  two  armatures,  one  for 
each  set  of  revolving  poles. 


POLYPHASE    ALTERNATORS. 

3973.  The  alternators  discussed  so  far  have  all  been 
considered  as  machines  which  furnish  one  current  only,  and 
are,  consequently,  known  as  single-phase  alternators.  In 
Art.  3861  mention  was  made  of  machines  which,  being 
provided  with  two  or  more  distinct  sets  of  Avindings  on  their 
armatures,  were  capable  of  furnishing  two  or  more  currents 
to  the  lines.  Such  are  known  as  polyphase,  or  multi- 
phase, alternators.      The  two  kinds  in  comioon  use  are: 

1.  Two-phase  alternators. 

2.  Three-phase  alternators. 

Two-phase  machines  deliver  two  currents  whicl:  differ  in 
phase  by  90°.      (See  Art.  3861.) 

Three-phase  machines  deliver  three  currents  which  differ 
in  phase  by  130°.      (See  Art.  3862.) 
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TWO-PHASE    ALTERNATORS. 

3974.  Since  a  two-phase  machine  delivers  two  currents 
differing  in  phase  by  90°,  it  follows  that  the  two  windings 
on  its  armature  must  be  so  arranged  that  when  one  set  is 
delivering  its  maximum  E.  M.  F.,  the  E.  M.  F.  of  the  other 
is  passing  through  zero.  It  has  been  shown  that  while  the 
coils  move  from  a  point  opposite  the  center  of  one  pole- 
piece  to  a  point  opposite  the  next  of  the  same  polarity,  the 
E.  M  F.  passes  through  one  complete  cycle;  hence,  if  the 
E.  M.  F. 's  generated  by  the  two  sets  of  coils  are  to  be  dis- 
placed  90°,  or  \  cycle,  with  reference  to  each  other,  it  fol- 


Fio.  1526. 

lows  that  one  ^  ils  must  be  placed  one-half  the  pitch 

behind  the  other.      This  brings  one  set  of  conductors  under 
the  poles  while  the  other  set  is  midwav  i— ^w-f^n  »'^''t:. 

.1/.  /;.   /r.--57 
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3975.  It  has  been  shown  that  for  the  most  effective 
generation  of  E.  M.  F.  the  wire  on  an  alternator  armature 
does  not  cover  all  the  surface,  and  an  armature  such  as  that 
shown  in  Fig.  1512  could  have  another  set  of  coils  added,  so 
as  to  produce  an  E.  M.  F.  at  90°  with  that  generated  by  the 
coils  already  shown  on  the  drum.  Such  a  winding  is  shown 
in  Fig.  1526,  except  that  in  this  case  there  are  only  four 
coils  in  each  phase  instead  of  eight.  This  gives  a  common 
type  of  two-phase  winding,  and  is  used  instead  of  the  eight- 
coil  arrangement,  in  order  not  to  make  the  drawing  too 
confused.  Fig.  1526,  therefore,  represents  a  two-phase 
winding  having  one  group  of  conductors  or  one-half  a  coil 
per  pole  per  phase.  One  phase  is  made  up  of  the  four  coils 
A,  which  are  connected  in  series,  and  the  terminals  a,  a' 
brought  out  to  the  collector  rings  i,  ^.  The  four  coils  />', 
which  make  up  the  second  phase,  are  also  connected  in 
series,  and  the  terminals  b,  b'  attached  to  the  light  collector 
rings  5,  4.  The  angular  distance  by  which  the  center  of  set  B 
is  displaced  from  set  A  is  equivalent  to  90°,  or  \  cycle, 
as  indicated  in  the  figure,  the  angular  distance  from  A^to  A^ 
being  equivalent  to  360°,  or  one  complete  cycle. 


3976.  Fig.  1526  shows  the  most  common  method  of 
connecting  up  two-phase  windings;  namely,  the  method 
employing  two  distinct  circuits  and  four  collector  rings. 
This  may  be  shown  diagrammatically  as  in  Fig.  1527.     The 


Fig.  1527. 
windings  are  here  represented  by  coils  1  and  2  connected  to 
the  collector  rings  «,  a'  and  b^  b' .     These  windings  have  no 
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electrical  connection  with  each  other  and  connect  to  two 
distinct  circuits. 

3977,  Sometimes,  instead  of  using  two  distinct  circuits 
with  four  collector  rings,  a  common  return  wire  is  employed, 
as  indicated  in  Fig.  1528.  Here  one  end  of  each  of  the 
phases  is  joined  to  a  common  return  wire,  and  only  three 


E 

Fig.  1628.  Fig.  1589. 

collector  rings  are  necessary.  If  E  represent  the  E.  M.  F. 
generated  per  phase,  the  voltage  between  a  b  and  b  c  will  be 
E,  while  that  between  a  c  will  be  E  4/2.  This  will  be  un- 
derstood by  referring  to  Fig.  1520,  the  E.  M.  F.  between  a 
and  c  being  the  resultant  of  the  two  E.  M.  F. 's  E  at  right 
angles  to  each  other. 

3978.  Fig.  1530  is  the  winding  diagram  showing  the 
method  of  connecting  up  the  coils  of  the  armature.  Fig.  1526. 
This  winding  differs  from  that  shown  in  Fig.  1513,  in  that 
the  connections  of  every  alternate  coil  do  not  have  to  be 
reversed.  By  marking  the  direction  of  the  E.  M.  F. 's  by 
arrow-heads,  as  before,  it  is  readily  seen  that  the  terminal 
1'  must  be  connected  to  ^,  2'  to  5,  and  so  on.  The  differ- 
ence in  the  method  of  connecting  the  two  windings  is  caused 
by  there  being  only  four  coils  per  phase  in  Fig.  1530,  whereas 
there  are  eight  in  Fig.  1513.  The  coils  of  the  second  phase 
are  shown  dotted,  and  the  connections  between  them  are 
made  in  exactly  the  same  way  as  those  of  the  first  phase. 

3979.  For  delivering  heavy  currents  at  low  voltages, 
armatures  are  sometimes  wound  with  copper  bars.  In  such 
cases  there  is  usually  only  one  turn,  or  two  bars,  per  coil, 
and  such  a  bar  winding  is  shown  in  Fig.  1531.     This  is  the 
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equivalent  of  the  coil  arrangement  shown  in  Fig.  1530,  the 
connections  between  the  bars  being  such  that  the  current 


Fig.  1530. 

flows  in  accordance  with  the  arrows.  Windings  of  this  kind 
are  used  on  machines  for  furnishing  heavy  currents  neces- 
sary for  electric  smelting  or  any  other  purposes  which  call 
for  a  large  current. 

3980.  The  two-phase  windings  shown  in  Figs.  1526, 
1530,  and  1531  are  of  the  simpler  kind  known  as  concen- 
trated or  wire  coil  windings.  The  conductors  on  a  two- 
phase  armature  may  be  distributed  in  the  same  way  as  those 
of  single-phase  machines,  there  being  two,  three,  or  more 
coils  per  pole  per  phase.  Both  styles  are  in  common  use, 
and  will  be  treated  of  more  in  detail  in  connection  with 
alternator  design. 
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3981.  Polyphase  machines  are  used  principally  for 
running  motors,  though  lamps  are  often  run  from  them  as 
well.  For  example,  in  Fig.  1527  lamps  could  be  connected 
across  either  of  the  phases,  and  in  case  a  motor  were  to  be 
connected,  both  phases  would  be  used.  The  load  on  the 
different  phases  should  be  kept  as  nearly  balanced  as  possi- 
ble.    It  is  usual  to  rate  the  output  of  alternators  by  the 


Fig.  1531. 


power  which  they  are  capable  of  supplying  to  a  non-induct- 
ive circuit;  that  is,  by  the  product  of  the  volts  and  amperes 
which  they  can  furnish  without  overheating.  The  output 
of  a  two-phase  machine  is  the  sum  of  the  outputs  of  the 
separate  phases.  For  example,  if  it  were  said  that  a  certain 
two-phase  alternator  had  an  output  of  150  K.  W.,  at  a  volt- 
age of  2,000,  it  would  mean  that  the  volts  generated  by  each 
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phase  was  2,000,  and  hence  the  total  full-load  current  with 
the  machine  working  on  a  non-inductive  resistance  would  be 
75  amperes,  or  37^  amperes  per  phase.  Each  line  and  the 
wire  on  the  armature  would  therefore  have  to  be  capable  of 
carrying  37^  amperes.  If  the  machine  were  working  on  an 
inductive  load,  the  product  of  the  volts  and  amperes  would 
not  give  the  output  in  watts,  on  account  of  the  lagging  of 
the  current.  The  current  in  this  case  would  have  to  be 
greater  for  a  given  output,  and  as  the  current  output  is 
limited  by  the  size  of  the  armature  wire,  it  follows  that  an 
alternator  will  not  deliver  its  full-load  rating  to  a  circuit 
which  is  inductive.  If  the  above  alternator  were  provided 
with  only  three  lines  and  three  collector  rings,  as  in  Fig. 
1528,  the  current,  in  the  common  return  wire  would  be 
37^  X  V^  =  53  amperes,  nearly.  The  two  outside  wires 
would  in  this  case  be  proportioned  for  37|-  amperes  and  the 
middle  wire  for  53  amperes. 

Example. — A  two-phase  alternator  is  to  have  an  output  of  200  K.  W. 
at  a  pressure  of  2,000  volts,  and  is  to  be  operated  on  a  three-wire  circuit. 
What  will  be  the  full-load  current  in  each  of  the  three  wires,  and  what 
current  must  the  wire  on  the  armature  be  capable  of  carrying  ? 

Solution. — Output  per  phase  =  100  K.  W.     Hence,  full-load  current 

per  phase  =       '        =  50  amperes.      The  current  in  the  two  outside 

wires  is  therefore  50  amperes,  and  the  wire  in  each  set  of  armature 
coils  must  be  capable  of  carrying  50  amperes  also.  The  current  in  the 
common  return  wire  is  50  X  4/2  =  70.7  amperes.     Ans. 

3982.  The  field-magnet  of  polyphase  machines  is  iden- 
tical with  that  used  for  single-phasers ;  in  fact,  the  only  dis- 
tinguishing feature  of  the  former  is  the  armature  winding, 
the  other  parts  of  the  machine  being  almost  exactly  the 
same,  with  perhaps  a  few  minor  changes,  such  as  an  increase 
in  the  number  of  collector  rings,  etc. 


THREE-PHASE    ALTERNATORS. 

3983.     The   requirement   of    a    three-phase    armature 

winding  is  that  it  shall  furnish  three  E.  M.  F. 's  differing  in 

phase  by  120°,  or  one-third  of  a  complete  cycle.     This  can 

be  done  by  furnishing  the  armature  with  three  sets  of  wind- 
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t^ 
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ings  displaced  120°  from  each  other.  This  means  that  phase 
No.  2  must  be  one-third  the  angular  distance  from  one 
north  pole  to  the  next  north  pole 
behind  phase  No.  1,  and  also  that 
phase  No.  3  shall  be  displaced  a  simi- 
lar angular  distance  behind  No.  2. 
Such  an  armature  will  deliver  three 
E.  M.  F. 's  differing  in  phase,  as 
indicated  in  Fig.  1533.  The  three 
E.  M.  F.'s  are  equal,  and  are  repre- 
sented by  ii„  £^,  and  Zf,,  each  being  120°  behind  the  other. 

3984.     Fig.   1533  shows  a  three-phase  winding  having 


i^ 


Fig.  15K. 


V- 


Pio.  isas. 


one-half  coil  per  pole  per  phase.     This  is  the   three-phase 
winding  corresponding  to  the  two-phase  arrangement  shown 
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in  Fig.  1526.  The  winding  consists  of  three  distinct  sets  of 
coils  A,  B,  and  C.  The  angular  distance  from  the  center  of 
coil  B  to  A  is  equivalent  to  120°,  or  is  one-third  of  the  dis- 
tance from  JV  to  JV;  also  the  coil  C  is  displaced  the  same 
distance  behind  B.  Each  of  these  three  sets  is  connected  in 
series,  leaving  the  three  pairs  of  terminals  a,  a';  d,  b' \  r,  c' . 
The  coils  are  shown  diagrammatically  in  Fig.  1534,  phase  1 


Fig.  1534. 


being  represented  by  the  heavy  lines,  phase  2  by  the  dotted, 
and  phase  3  by  the  light  full  lines. 


STAR   AND   DELTA  CONNECTIONS. 

3985.  There  are  two  or  three  different  ways  in  which 
the  three  pairs  of  terminals  a-a\  b-b\  c-c\  Fig.  1533,  may  be 
connected  to  the  collector  rings.  In  the  first  place  each  ter- 
minal might  be  run  to  a  ring,  as  was  done  in  the  case  of  the 
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two-phase  armature.      This  would  give  three  pairs  of  lines 
and  six  collector  rings,  as  shown  in  Fig.  1535.     This  is  sel- 


Phaae  X 


&-" 


Phage  2. 


Xj 


Phase  3. 


Fig.  1535. 

dom,  if  ever,  done  in  practice,  as  it  complicates  matters,  ana, 
moreover,  it  is  not  necessary.  Again,  one  end  of  each  of  the 
three  phases  might  be  connected  together,  as  shown  in 
Fig.  1536,  and  a  common  return  wire  ^  run  from  the  common 

L'Ue  a. 


Fig.  1536. 
connection,  forming  an  arrangement  similar  to  the  two-phase 
three-wire  system,  Fig.  1528.  This  would  necessitate  four 
collector  rings,  and  is  used  occasionally  on  alternators  which 
are  to  be  used  considerably  for  lighting  work.  The  return 
wire  from  the  common  junction  is  also  sometimes  employed 
on  three-phase  distributing  systems.  It  was  pointed  out  in 
Art.  3862  that  the  resultant  sum  of  three  equal  currents 
displaced  120°  is  at  all  instants  equal  to  zero.  Consequently. 
if  the  resultant  current  is  zero,  there  is  no  need  of  a  return 
wire   d.  so   it   may   be  omitted.     However,  in  some  cases, 
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where  power  is  distributed  from  transformers  or  three-wire 
systems,  the  different  branches  are  apt  to  become  unbalanced. 
Under  such  circumstances  the  common  return  d  is  sometimes 
used. 

3986.  Omitting  the  common  wire  <^  of  Fig.  1536  gives 
the  arrangement  shown  in  Fig.  1537,  in  which  one  end  of 
eaeh  of  the  phases  is  Joined  to  a  common  eonncctioit  K  and  the 
other  three  ends  are  carried  to  three  collector  rings.  This  is  a 
common  method  of  connecting  up  three-phase  armatures, 
known  as  the  Y  or  "star"  scheme  of  connection.  The 
windings  in  Figs.  1533  and  1534  are  shown  connected  up  in 
this  way.  In  connecting  up  the  terminals  «,  a' ',  b^  b' ;  c,  c'  to 
form  a  star  winding,   care   must  be  taken  to   preserve  the 


Fig.  1537. 

proper  relation  of  the  E.  M.  F.'sin  the  different  sets  of  coils. 
By  referring  to  the  curves  of  Fig.  1448,  it  will  be  noticed 
that  when  the  E.  M.  F.  E^,  Fig.  1537  {b),  in  one  set  of  coils 
is  at  its  maximum,  the  E.  M.  F.'sii,  and  E^  in  the  other  two 
sets  are  half  as  great  and  in  the  opposite  direction.  Sup- 
pose, then,  that  we  take  the  instant  when  set  A,  Fig.  1534,  is 
generating  its  maximum  E.  M.  F.  (conductors  opposite  centers 
of  poles),  and  suppose  that  the  E.  M.  F.  in  this  set  is  directed 
azvay  from  the  common  junction  K.  Then  terminal  a  will 
be  connected  to  K.  Since  the  current  in  the  other  two  sets 
of  coils  is  at  the  same  instant  one-half  as  great  and  in  the 
opposite  direction,  they  must  be  so  connected  that  the  cur- 
rent in  them  will  be  flowing  towards  the  common  junction. 
In  order  to  satisfy  this  condition,  the  terminals  b  and  c  are 
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connected  to  K.     The  remaining   three   terminals  are  con- 
nected to  the  collector  rings  1,  2,  and  3. 
Line. 


Lime. 


Line. 


Fig.  1538. 
3987.     Instead  of   connecting  up  the  phases  in  the  Y 
fashion,  they  may  be  formed  into  a  closed  circuit,  as  shown  in 
Fig.  1538,  the  collector  rings  being  attached  to  the  point 


Fio.  1539. 


where  the  phases  join.     This  is  known  as  the  A  (delta)  or 
"  mesh  "  method  of  connecting.     This  method,  like  the  last 
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described,  requires  only  three  collector  rings,  and  is  exten- 
sively used. 

Fig.  1539  shows  the  same  winding  as  Fig.  1534  connected 
up  A,  and  it  will  be  noticed  that  there  is  no  common  connec- 
tion, as  in  Fig.  1534.  The  three  sets  of  coils  are  connected 
up  in  series,  as  before,  leaving  the  three  pairs  of  terminals 
rt,  a'  \  b,  b' ;  c,  c'.  We  will  consider  the  currents  in  the  coils  at 
the  instant  when  the  current  in  set  A  is  at  its  maximum ;  that 
is,  when  the  conductors  are  midway  under  the  pole-pieces. 
At  this  particular  instant,  the  currents  in  the  other  two  sets 
will  be  one-half  as  great  and  in  such  a  direction  that  the 
sum  of  the  currents  taken  around  the  closed  circuit  of  the 
armature  winding  is  zero.  If  the  maximum  current  is  rep- 
resented by  C,  the  value  and  direction  of  the  currents  in 
the    three  sets  of    coils  must    be    as   shown    in    Fig.    1540. 

1.5  C        a 


l./iC 


Fig.  1540. 

Starting  from  one  end  of  phase  y^,  by  connecting  a  to  the  inner 
collector  ring,  we  therefore  pass  through  phase  A  in  the 
direction  of  the  arrows  to  the  middle  ring.  From  there  we 
must  pass  through  B  against  the  arrows ;  hence  the  terminal  b 
must  be  connected  to  the  middle  ring  and  the  other  ena  b' 
to  the  outer  ring.  From  the  outer  ring  the  current  must 
pass  through  C  against  the  arrows;  hence,  the  terminal  c 
must  be  connected  to  the  outer  ring  and  the  other  terminal 
c'  carried  to  the  inside  ring. 

3988.  Both  of  the  above  methods  of  connection  are  in 
common  use  in  windings,  not  only  for  alternators,  but  also 
for  synchronous  motors  and  induction  motors;  it  is,  there- 
fore, important  to  bear  in  mind  the  methods  of  connection 
and  the  distinction  between  them. 
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RELATION    BETWEEN     CURRENT,    E.  M.  F.,    AND    OUTPUT. 

3989.  The  E.  M.  F.  and  current  output  of  a  three-phase 
alternator  depends  upon  the  scheme  which  is  adopted  for 
connecting  up  the  armature.     Suppose  the  coils  A,  B,  and  C, 


.^ 
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^1/. 
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c 

Fig.  1541. 

Fig.  1541,  represent  the  windings  of  an  armature  Y  con- 
nected. Let  €  be  the  effective  value  of  the  voltage  gener- 
ated in  each  phase.  The  volts  obtained  between  the  lines 
a,  b  will  be  the  resultant  of  the  two  voltages  b  \n  A  and  B. 
Let  E  represent  the  pressure  between  the  lines.  E  must  be 
equal  to  2  f  cos  30°. 

Note. — The  resultant  of  the  E.  M.  F.'s  in  coils  A  and  B,  which 
is  the  line  E.  M.  F.  E,  may  be  found  as  follows:  Represent  the 
E.  M.  F.'s  in  the  three  phases  by  the  arrows  a,  b,  c.  Suppose  the  E.M.F. 
in  A  to  be  directed  away  from  the  common  junction ;  then  the  E.  M.  F.'s 
in  c  and  b  will  be  directed  towards  the  common  junction.  To  add  a  and  b 
we  must  draw  b'  from  the  extremity  of  a  equal  to  and  in  the  same 
direction  as  b.  The  resultant  of  a  and  b'  will  be  d,  which  is  the  line 
E.  M.  F.  E.     The  resultant  d  is  equal  to  2  ?  cos  30°  =  £  ^3^ 

/;/  a  three-phase'H -connected alternator,  the  voltage  hetzveen 
any  tivo  collector  rings  is  equal  to  the  voltage  generated  per 
phase  multiplied  by  4/^  or  1. 132. 

Conversely:  If  the  line  voltage  maintained  by  a  three- 
phase  >( -connected  alternator  is  E  volts,  the  voltage  generated  by 
each  phase  must  be  E  divided  by  4/5  or  1. 732. 

3990._  It  is  easily  seen  from  Fig.  1541  that  if  we  have  a 
current  C  flowing  in  any  of  the  lines,  the  current  in  the 
phase  to  which  it  is  connected  must  also  be  T.     Hence, 
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In  a  three-phase  'S-cotuiected  alternator,  the  currejit  in  the 
armature  windings  is  the  same  as  that  in  the  line. 

3991.  The  total  output  in  watts  will  be  the  sum  of  the 
outputs  of  each  of  the  three  phases.  The  current  in  each 
of  the  three  phases  is  C  and  the  voltage  is  £;  hence,  the  total 
watts  developed  on  a  non-inductive  load  will  be  3  C  e.      But 

—       P  "^  C  F 

€  =  — =.     Therefore  the  total  output   IV  =  — -=r-  ~  \f^CE, 

y   O  y    O 

where   C  is   the    current    in    the    line,  and  E  is  the  voltage 
between  any  pair  of  lines.      Hence, 

The  output,  in  watts,  of  a  three-phase  X -connected  alterna- 
tor working  on  a  non-inductive  load  is  equal  to  ^3  or  1.732 
times  the  product  of  the  line  current  and  line  E.  M.  F. 

3992.  For  a  Y-connected  winding  we  may  then  sum- 
marize the  following  formulas,  in  which  £  =  volts  gener- 
ated per  phase;  £' =  line  voltage;  ^F^  total  watts  output; 
6*=  line  current;  t:  =  current  per  phase  or  current  in 
windings, 

^  =  2  e"  cos  30°  =  7/3.  (649.) 


-      E 

(650.) 

C  =  c. 

(651.) 
(652.) 

3993.     In  case  the  armature  is  delta  connected,  as  shown 
in  Fig.  1542,  the  E.  M.  F.   €  generated  in  each  phase  is  equal 

C=cV3 


n 


C=cV3^ 


C=7^JW 


Fig.  1542. 


to  the  line  E.  M.  F.  E,  because  the  different  phases  are  con- 
nected directly  across  the  lines.    The  current  in  the  armature 
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windings,  however,  is  not  as  great  as  that  in  the  lines,  because 
it  divides  at  each  of  the  collector  rings.  If  c  represents 
the  current  in  each  phase,  the  current  in  the  lines  will  be 
2  Fcos  30°  =  7\^  =  1.7327. 

r    —  

The  total  watts  output  will  be  3  c  £  =  3—=£  =  \^  C  E  = 

4/3 

1.732  C  K 

Hence  it  may  be  stated  that. 

In  a  three-phase  delta-connected  alternator,  the  line  voltage 
E  is  equal  to  the  voltage  generated  in  each  phase. 

In  a  three-phase  delta-connected  alternator,  the  current  C 
flowing  in  the  line  is  equal  to  the  current  c  in  each  phase 
multiplied  by  \^  or  1. 732. 

Conversely:  If  the  current  flozving  in  the  line  is  C  the 
current  which  the  armature  conductors  have  to  carry  will  be 
C  divided  by  \/3  or  1. 732. 

The  watts  outptit  of  a  three-phase  delta-connected  alterna- 
tor working  on  a  non-inductive  load  is  equal  to  \^  or  1.732 
times  the  product  of  the  line  current  and  line  E.  M.  F. 

3994.  The  following  formulas  relating  to  a  delta  wind- 
ing may  then  be  summarized : 

E^l.  (653.) 

r=  74/3.  (654.) 

r=^.  (655.) 

W^CEj/1.  (652.) 

3995.  It  will  be  noticed  that  the  expression  for  the 
watts  output  remains  the  same,  whether  the  armature  be 
connected  Y  or  A.  It  follows,  therefore,  that  the  output 
of  a  three-phase  armature  is  not  altered  by  changing  its 
connections  from  Y  to  A,  or  the  reverse.  The  Y  method 
of  connection  gives  a  higher  line  voltage  than  the  A  for 
the  same  E.  M.  F.  generated  per  phase,  while  the  A  con- 
nection cuts  down  the  current  in  the  afraature  conductors. 
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The  Y  winding  is,  therefore,  best  adapted  for  machines  of 
high  voltage  and  moderate  current  output,  as  it  does  not 
require  such  a  high  E.  M.  F.  to  be  generated  per  phase. 
On  the  other  hand,  the  A  connection  is  more  suitable  for 
machines  of  large  current  output,  as  it  keeps  the  size  of  the 
armature  conductors  down.  The  best  style  of  winding  for 
any  given  machine  depends  largely,  therefore,  upon  the 
work  which  it  has  to  do.  These  formulas  regarding  Y 
and  A  windings  apply  also  to  polyphase  synchronous  motors 
and  induction  motors. 

Example. — A  three-phase  alternator  has  a  capacity  of  100  K.  W.  at 
a  line  pressure  of  1,000  volts.  What  is  the  maximum  line  current  which 
may  flow  in  each  of  the  three  lines  leading  from  the  machine  ? 

Solution. — We  have,  from  formula  652, 

JV=CE  i/n,  or  100,000  =  f/3"  C  1,000; 

_  100,000 

hence,  C  =  i  qqo  y   /»■  —  ^'^•'^  amperes.     Ans. 

Example. — (a)  [f  the  above  armature  be  Y  connected,  what  will  be 
the  current  in  the  armature  conductors  ?  (d)  What  must  be  the  E.  M.  F. 
generated  in  each  phase  ? 

Solution. — (a)  In  a  Y-connected  machine,  the  current  in  the  wind- 
ings must  be  the  same  as  tlie  line  current,  that  is,  57.7  amperes.     Ans. 

(i)  From  formula  650  we  have 

_       E        1,000 

s  =  -7=  =  —;=r  =  577  volts.     Ans. 
-f/3        4/3 

Example. — (a)  If  the  same  machine  were  changed  to  the  delta  con- 
nection, what  would  be  the  allowable  maximum  line  current  ?  (d)  What 
would  be  the  line  voltage  with  a  delta-connected  armature  ? 

Solution. — (a)  The  winding  is  such  as  to  allow  57.7  amperes  in 
each  phase ;  hence,  from  formula  654,  we  have 

C  =  c  4/3  ==  57.7  4/3  =  100  amperes  =  line  current.     Ans. 

(fi)  The  line  voltage  £  would  be  equal  to  e,  and  would  be  577  volts. 
The  total  output  would  be  C^  |/3"=  577  X  100  X  V^=  100,000  watts, 
or  the  same  as  with  a  Y  winding.     Ans. 

3996.  It  is  seen,  then,  in  the  above  example  that  by 
changing  the  Y  winding  over  to  A,  the  current  output  has 
t^en  increased  from  57.7  amperes  to  100  amperes,  while  the 
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line  E.  M.F.  has  been  decreased,  in  the  same  proportion,  from 
1,000  volts  to  577  volts,  the  total  watts,  however,  remaining 
the  same. 

3997.  The  principal  differences  in  the  connections  of 
multiphase  armatures,  as  distinguished  from  single-phase, 
have  been  given  in  tlie  preceding  articles;  as  far  as  the  me- 
chanical construction  goes  there  is  no  essential  difference. 
Toothed  armature  cores  with  the  coils  or  conductors  bedded 
in  slots  are  now  almost  universal  in  alternators  as  well  as 
direct-current  machines.  Of  course  polyphase  windings  give 
rise  to  a  larger  number  of  coils  to  dispose  of,  and,  therefore, 
usually  give  more  crossings  of  the  conductors  or  coils  at  the 
ends  of  the  armature;  but  polyphase  armatures  are  con- 
structed essentially  in  the  same  manner  as  those  used  for 
single-phase  machines. 

MONOCYCLIC  SYSTEM. 

3998.  The  monocyclic  alternator,  brought  out  by 
Steinmetz,  is  intended  for  use  in  stations  where  the  greater 
part  of  the  load  consists  of  electric  lights,  but  where  it  is 
also  desired  to  have  a  machine  capable  of  operating  motors 
as  well.     In  cases  where 

the  motor  load  is  large,    ^  '  *^ 

it  is  usual  to  use  a  reg- 
ular two  or  three  phase 
system. 

The  monocyclic  alter- 
nator is  really  a  single- 
phase  machine  with  a 
modified  armature 
winding.  The  arma- 
ture is  provided  with  a 
set  of  coils  constituting 
the  main  winding,  the 
terminals  of  which  are 
connected  to  the  two 
outside  collector  rings, 
Fig.  1543.  In  addition  to  this  winding,  a  second  set  of  coils 
M.  E.    IV.SS 


Kio.  1543. 
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is  provided,  which  are  placed  on  the  armature  90°  behind 
the  main  coils,  in  just  the  same-way  as  shown  for  the  two- 
phase  machine,  Fig.  1526.  This  second  set  is  unlike  those  in 
a  regular  two-phase  machine  in  that  the  number  of  turns  in 
the  **teazer  coils,"  as  they  are  called,  is  only  ^  that  of  the 
main  set,  and  one  end  of  the  teazer  set  is  attached  to  the 
middle  of  the  main  winding,  instead  of  being  brought  out  to 
a  collector  ring.  The  other  end  of  the  teazer  winding  is 
brought  to  the  middle  collector  ring,  as  shown  in  Fig.  1543. 
This  second  winding  furnishes  an  E.  M.  F.  displaced  90° 
from  the  main  E.  M.  F.,  and  of  one-quarter  its  value,  thus 
furnishing  an  Out-of-phase  pressure  suitable  for  starting 
motors.  If  it  is  desired  to  run  lights  only,  the  two  outside 
wires  alone  are  used,  it  being  necessary  to  run  the  third  wire 
only  to  places  where  motors  are  used.  By  referring  to  the 
figure  it  will  be  seen  that  the  E.  M.  F.  betAveen  either  of 
the  outside  and  the  middle  rings  is  equal  to  V{^Ey  -f-  {^£y 
=  .56  it,  nearly.  For  example,  if  the  main  winding  gener- 
ated 1,000  volts,  the  pressure  between  the  middle  and  out- 
side rings  would  be  560  volts,  nearly. 


TRANSFORMERS. 

3999.  One  of  the  principal  reasons  for  the  fact  that 
continuous  current  is  giving  place  so  largely  to  alternating 
current  is  the  ease  with  which  the  latter  may  be  transmitted 
over  long  lines  at  high  voltages,  and  then  be  transformed 
at  the  receiving  end  to  currents  of  lower  pressure  suitable 
for  operating  lights,  motors,  or  other  devices.  If  power  is 
to  be  transmitted  over  long  distances  by  means  of  the 
electric  current,  it  is  absolutely  necessary  that  high  line 
pressures  be  employed,  in  order  to  make  the  cost  of  the  con- 
ductors reasonably  low.  For  a  given  amount  of  power  to 
be  transmitted,  the  current  will  be  smaller  the  higher  the 
pressure  employed.  The  loss  in  the  line,  however,  increases 
with  the  square  of  the  current;  consequently,  if  the  pres- 
sure on  a  line  be  doubled,  it  means  that,  with  the  same  loss, 
only  |-  the   amount  of    copper  would    be    required    in    the 


CURRENT   APPARATUS.  2089 

conductors.  In  other  words,  witJi  a  given  amount  of  poiver 
to  be  transmitted  and  a  given  fixed  amount  of  loss^  the  copper 
required  will  decrease  as  the  square  of  the  voltage  employed. 
By  using  high  pressures,  it  is  evident  that  a  small  line 
conductor  may  be  made  to  carry  a  large  amount  of  power 
over  a  long  distance,  and  still  not  have  the  loss  any  greater 
than  if  a  low  pressure  and  a  very  large  and  expensive  con- 
ductor had  been  employed. 

4000.  Transmission  with  direct  current  and  high  pres- 
sures never  proved  to  be  a  success,  because  of  the  difficulty 
of  building  direct-current  machines  to  generate  the  high 
E.  M.  F.'s  necessary.  The  commutator  on  such  high-ten- 
sion machines  would  be  apt  to  give  trouble,  and,  moreover, 
it  would  be  a  difficult  matter  to  transform  the  high-tension 
continuous  currents  at  the  other  end  of  the  line  down 
to  currents  at  pressures  suitable  for  ordinary  use.  The 
alternating  current  is  open  to  neither  of  these  objections, 
because  an  alternator  has  no  commutator  to  give  trouble, 
and  high-tension  alternating  currents  may  easily  be  trans- 
formed down.  Devices  used  for  changing  an  alternating 
current  of  one  voltage  to  another  of  higher  or  lower  volt- 
age are  known  as  transformers  or  converters. 
Transformers  may  be  used  either  to  "step-up"  the  volt- 
age, i.  e.,  increase  it,  or  they  may  be  used  to  "step-down." 
or  decrease,  the  line  pressure.  Whether  the  transformer 
be  used  to  step  up  or  down,  the  change  in  pressure  is 
always  accompanied  by  a  corresponding  change  in  the  cur- 
rent, and  the  pozuer  delivered  to  the  transformer  is  always 
a  little  greater  than  that  obtained  from  it.  For  example, 
suppose  a  current  of  20  amperes  were  supplied  to  a  trans- 
former from  1,000-volt  mains.  If  the  load  on  the  trans- 
former were  non-inductive,  the  E.  M.  F.  and  current  would 
be  almost  exactly  in  phase,  and  the  watts  supplied  to  the 
side  connected  to  the  mains  {primary  side  of  the  trans- 
former) would  be  20  X  1,000,  or  20,000  watts.  The  power 
obtained  from  the  secondary  side,  or  the  side  connected  to 
the  circuit  in  which  the  power  is  being  used,  would  not  be 
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quite  as  much  as  this.  Suppose  the  secondary  E.  M.  F. 
were  100  volts;  if  there  were  no  losses  whatever  in  the 
transformation,  we  would  obtain  20,000  watts  from  the 
secondary,  and  the  available  secondary  current  would  be 
-jww^  ~  200  amperes.  In  other  words,  the  decrease  in 
E.  M.  F.  has  been  accompanied  by  a  corresponding  increase  in 
current.  As  a  matter  of  fact,  there  is  always  some  loss  in 
conversion,  and  the  secondary  output  is  never  quite  equal  to 

the  power  supplied  to  the  primary.      The  ratio : — ~ — 

watts  mput 

gives  the  efficiency  of  the  transformer.  A  good  trans- 
former is  one  of  the  most  efficient  pieces  of  apparatus 
known,  some  of  large  size  delivering  as  mvich  as  98.5^  of 
the  energy  supplied. 

4001.  Transformers  used  for  changing  an  alternating 
current  at  one  pressure  to  another  alternating  current  at 
another  pressure  are  often  called  static  transformers,  be- 
cause they  have  no  moving  parts.  This  is  done  to  distin- 
guish them  from  rotary  transformers,  which  are  used  to 
transform  alternating  current  to  direct,  or  vice  versa.  Such 
machines  always  have  moving  parts,  hence  their  name. 

4002.  Nearly  all  transformers  are  operated  on  constant- 
potential  systems.  The  transformer  is  supplied  with  cur- 
rent from  mains,  the  pressure  between  which  is  kept  con- 
stant, and  this  current  is  transformed  to  one  of  a  lower  pres- 
sure, the  secondary  pressure  also  being  constant  or  nearly  so. 


THEORY  OF  THE  TRANSFORMER. 
4003.  A  simple  transformer  is  shown  in  Fig.  1544.  Cis 
a  laminated  iron  ring,  on  which  are  two  coils  P  and  S.  The 
coil  Phas  a  number  of  turns  7^,  and  5  has,  we  will  suppose,  a 
smaller  number  of  turns  T^.  The  coil  P  is  the  primary,  and 
is  connected  to  the  alternator  mains  across  which  the  con- 
stant pressure  £p  is  maintained.  We  will  suppose  for  the 
present  that  the  resistance  of  both  primary  and  secondary 
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coils  is  negligible.  The  above  is  essentially  the  construction 
of  the  ordinary  static  transformer.  It  consists  of  two  coils 
or  sets  of  coils  interlinking  an  iron  magnetic  circuit.  Of 
course  the  forms  of  different  transformers  vary  widely,  but 
they  all  contain  the  three  essential  parts  mentioned. 

Suppose  a  voltmeter  V  to  be  connected  to  the  terminals 
of  the  secondary  coil  S.  The  resistance  of  the  voltmeter  is 
very    high,   consequently  a    very   small    current    will    flow 

To  Alternator. 


Toi  Alternator. 


Fig.  1M4. 


through  the  secondary,and  we  may,  for  all  practical  purposes, 
consider  the  secondary  as  an  open  circuit  with  no  current 
flowing.  The  line  E.  M.  F.  Ep  will  cause  a  current  to  flow 
through  the  primary  coil,  and  this  current  will  set  up  an  alter- 
nating magnetic  flux  in  the  iron  core.  This  alternating  flux 
will  set  up  a  counter  E.  M.  F.  in  the  coil  P,  which  will  be  the 
equal  and  opposite  of  E^,  since  the  coil  is  supposed  to  have 
no  resistance.  If  the  maximum  magnetic  flux  be  A'' and  the 
number  of  cycles  per  second  «,  we  will  have,  from  formula 

617, 

4:.UNT„n 


E„  = 


10" 


The  current  which  will  flow,  therefore,  in  the  primary 
when  the  secondary  is  on  open  circuit  is  that  current  which 
is  required  to  set  up  a  magnetic  flux  N  capable  of  producing 
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a  back  E.  M.  F.,  equal  and  opposite  to  the  applied  E.  M.  F. 
Since  the  coil  P  is  provided  with  a  closed  iron  circuit,  it  is 
evident  that  a  very  small  current  might  be  able  to  set  up  a 
large  magnetic  flux;  hence,  the  current  required  when  the 
secondary  is  on  open  circuit  may  be  very  small,  perhaps  only 
a  fraction  of  an  ampere.  In  other  words,  the  applied  E.  M.  F. 
is  capable  of  forcing  only  a  small  current  through  the  pri- 
mary, on  account  of  its  high  self-induction. 

4004.  The  flux  iVset  up  by  the  primary  coil  also  inter- 
links the  secondary  vS",  and  as  it  is  continually  alternating 
through  it,  an  E.  M.  F.  will  be  set  up  in  the  secondary  coil, 
which  will  be 


and 


or 


4005.  The  ratio  of  the  primary  voltage  to  secondary, 

E 
i,  e.,  -T~    is  called  the  ratio   of  transformation.     It  also 

follows  from  the  above  that  the  ratio  of  transformation  is 
equal  to  the  primary  turns  divided  by  the  secondary  turns. 
For  example,  if  a  transformer  be  supplied  with  1,000  volts 
primary  and  has  500  turns  on  its  primary  coil  while  there 
are  50  turns  on  the  secondary,  the  ratio  of  transformation 
is  10,  and  the  secondary  voltage  1,000  X  -/oir  =  100  volts.  In 
this  case  the  transformer  reduces  the  voltage  from  1,000  to 
100,  but  the  operation  could  be  reversed,  that  is,  it  could  be 
fed  with  100  volts  and  the  pressure  raised  to  1,000. 

4006.  It  was  assumed  above  that  all  of  the  magnetic 
flux  N  which  threaded  the  primary  coil  also  passed  through 
the  secondary,  and  in  well-designed  transformers  this  is  very 
nearly  the  case.  However,  some  lines  may  leak  across,  as 
shown  by  the  dotted  lines  ^,  b^  c,  c,  without  passing  through 


^e  — 

w 

E.  -  r; 

(656.) 

-  T 

'  =E  — 

■8             -^p    'p   • 
■^  P 
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both  coils.      This  is  known  as  niajirnctic  leakage,  and  its 

effect  upon  the  action  of  the    transformer    will   be   noticed 
later. 

4007.  So  far,  in  dealing  with  the  action  of  the  trans- 
former, the  secondary  has  been  supposed  to  be  on  open  cir- 
cuit. It  is  now  necessary  to  examine  the  transformer  action 
when  the  secondary  is  working  on  a  load.  While  the  construc- 
tion of  a  transformer  is  exceedingly  simple,  the  reactions 
which  occur  when  it  is  loaded  are  by  no  means  so  simple,  and 
for  the  sake  of  clearness  we  will  first  examine  the  action  of 
an  ideal  or  perfect  transformer— one  which  has  no  resistance 
in  its  coils,  no  magnetic  leakage,  and  no  hysteresis  or  eddy- 
current  loss  in  its  core.  vSuch  a  transformer  would  have  an 
efficiency  of  100^,  and  after  examining  its  workings  we  can 
easily  note  the  effect  of  the  introduction  of  one  or  more  of 
the  above  defects,  which  are  present  to  a  greater  or  less  ex- 
tent in  all  commercial  transformers.  The  fact  that  the  effi- 
ciency of  good  transformers  is  commonly  over  95  or  9(j^,  and 
even  rises  to  over  98j^,  shows  at  once  that  the  combined 
effect  of  all  the  above  defects  does  not  change  the  perform- 
ance  of   the  transformer  very  much  from  that  of  the  ideal. 

4008.  In  the  first  place,  if  the  core  reluctance  were  zero, 
the  current  with  open  circuit  secondary  necessary  to  set  up 
the  magnetic  flux  would  be  infinitely  small.  All  cores  have, 
however,  some  reluctance ;  hence,  the  effect  of  reluctance  in 
the  core  is  to  increase  this  no-load  current,  or  maenetizingr 
current,  as  it  is  called.  Since  this  magnetizing  current 
is  that  which  is  caused  to  flow  against  the  self-induction  of 
the  primary,  it  follows  that  it  is  a  wattless  current  90° 
behind  the  E.  M.  F.  of  the  mains  which  is  overcoming  the  self- 
induction.  It  is  important  to  keep  the  magnetizing  current 
as  small  as  possible;  therefore  the  magnetic  circuit  should  be 
made  short  and  of  ample  cross-section. 

4009.  We   have   seen   that  the   primary   induces    an 

-       -.    T  . 
E.  M.  P.  /i,  =  ^,,-j^  in  the  secondary  at  no  l>>.ul.     Now,  if 

the  secondary  circuit  be  closed,  say  through  a  non-inductive 
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resistance  made  up  of  a  number  of  incandescent  lamps,  a 
current  will  flow  which  will  be  in  phase  with  the  secondary 
E.  M.  F.  This  current  flowing  in  the  secondary  coil  will 
always  flow  in  such  a  direction  as  to  oppose  any  change  in 
the  magnetic  lines  threading  it,  just  as  the  reaction  on  the 
field  due  to  the  current  in  the  armature  of  a  dynamo  tends 
to  prevent  the  rotation.  The  magnetism  is  in  phase  with 
the  primary  current;  hence  the  secondary  current  must  be 
directly  opposite  in  phase  to  that  of  the  primary.  When- 
ever a  current  C,  is  taken  from  the  secondary,  a  correspond- 
ing current  C^  flows  in  the  primary.  The  total  current  in 
the  primary  will,  therefore,  be  made  up  of  two  components, 
one  of  which  is  the  magnetizing  current  in  and  the  other  Cp, 
due  to  the  current  C^  in  the  secondary.  The  magnetizing 
power  of  the  primary  and  secondary  coils  is  proportional  to 
their  ampere-turns,  that  is,  to  C^  7],  and  C^  T^,  respectively. 
The  currents  Cj,and  C^  are  opposed  to  each  other;  hence  the 
total  magnetizing  effect  of  the  two  currents  is 

C   T  —  C  T 

Now  the  input  Cp  Ep  is  equal  to  the  output  C,  E,  for  an 
ideal  transformer,  or 

-       ~  E.^       -   T^ 
Cp=  Cg-^  =^  Cg-7^;  (658.) 

Ep  Jp 

hence,  we  may  write  the  total  magnetizing  effect  of  the  two 
currents, 

C^IiTp-  Cg  T,  =  0.  (659.) 

p 

That  is  to  say,  when  a  current  C,  is  taken  from  the  second- 
ary of  an  ideal  transformer,  the  corresponding  current  Cp 
which  flows  in  the  primary  over  and  above  the  magnetizing 

—        -  E 
current  ^n  is  C^  ^,    and   the   total   magnetizing   effect  of 
'  Ep 

the  two  currents  is  zero.     This  means  that  the  flux  N'xrv  the 

iron  core  will  remain  constant,  no  matter  what  load  is  placed 

on  the  secondary. 


CURRENT   APPARATUS. 


2695 


4010.  Since  the  magnetic  flux  is  constant  for  all  loads, 
it  follows  that  the  secondary  induced  E.  M.  F.  will  also  be 
constant,  and  if  the  secondary  coil  has  no  resistance,  the 
E.  M.  F.  at  its  terminals,  that  is,  the  secondary  line  E.M.F., 
will  not  change  as  the  load  is  applied.  An  ideal  transformer 
would,  therefore,  if  supplied  with  a  constant  primary  pres- 
sure, maintain  the  voltage  between  the  secondary  lines 
constant  at  all  loads.  This  condition  is  approached  quite 
closely  in  the  best  makes  of  modern  transformers,  the  vari- 
ation in  secondary  voltage  being  not  more  than  1.5  to  2^, 
depending  upon  the  size.  It  is  thus  seen  that  while  the 
transformer  is  most  simple  in  construction,  it  adjusts  itself 
exceedingly  well  to  changes  in  load  so  as  to  maintain  the 
desired  constant  secondary  pressure,  the  whole  automatic 
regulation  being  brought  about  by  the  interactions  of  the 
currents  in  the  primary  and  secondary  coils. 


ACTION  OF  IDEAL   TRANSFORMER. 

4011.  The  action  of  a  transformer  without  resistance, 
magnetic  leakage,  hysteresis,  or  eddy-current  losses,  may  be 
represented     by     Fig.      1545, 

O  N 

flux; 

cur- 

with 


when  working  with  an 
circuit  secondary.  Let 
represent  the  magnetic 
then  the  magnetizing 
rent  will  be  in  phase 
O  Ny  and  hence  may  be  rep- 
resented by  O  m.  This  cur- 
rent is  90°  behind  the  primary 
impressed  E.  M.  F.  itp,  and 
Ep  will,  therefore,  be  repre- 
sented by  the  line  O  E^,  90° 
ahead  of  O  m.  The  second- 
ary E.  M 


fi» 


—N 


Em 


Via.  154S. 


F.  £,  will  be  directly  opposite  in  phase  to  Ej,  and 


will   be   represented    by 


O  E.  =  E„  p 


In   this   case   the 
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transformer  takes  the  small  current  O  in  from  the  line,  and 
since  this  current  is  at  right  angles  to  the  E.  M.  F.,  it  is 
wattless,  cos  ^  =  0  and  E^  in  cos  ^  =  0,  and  the  trans- 
former consumes  no  energy, 

4012.  When  the  secondary  is  connected  to  a  non- 
inductive  resistance,  a  current  C^  flows  in  the  secondary, 
and  the  action  of  an  ideal  transformer  in  this  case  is  repre- 
sented by  Fig.  1546.  The  lines  O  N  and  O  in  represent  the 
magnetic  flux  and  the  magnetizing  current  as  before.  O  E^ 
is  drawn  to  scale  to  represent  the  primary  E.  M.  F. ,  and 
O  Eg  represents  the  secondary  E.  M.  F.  Let  R  be  the 
resistance  of  the  non-inductive  circuit  to  which  the  second- 

-       E 

ary  is  connected ;  then  the  secondary  current  will  be  C^  =  -~, 

since  the  resistance  is  non-inductive,  and  may  be  repre- 
sented to  scale  by  the  line  O  d  in  phase  with  O  E^.      The 


w^- 


->N 


"♦jr 


Fig.  1546. 


Fig.  1547. 


current  in  the  primary  corresponding  to  Cg  in   the  second- 

-        ~  T 
ary  will  be  6^  =  C^  —  ,  and  may  be  represented  by  the  line 
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O  a  opposite  in  phase  to  O  li  and  representing  Cp  to  the  same 
scale  that  (9^  represents  C^.  In  the  case  shown,  E^  =  ^Ep; 
hence,  O  a  must  be  one-half  the  length  of  O  (/.  The  total 
current  flowing  in  the  primary  will  be  the  resultant  of  O  a 
and  O  M,  or  O  b=  Cp.  This  resultant  current  lags  0°  be- 
hind the  impressed  E.  M.  F.,  and  it  is  evident  that  the  more 
the  transformer  is  loaded,  the  smaller  ^  becomes,  and  the 
nearer  the  primary  current  gets  into  phase  with  the  primary 
E.  M.  F.  In  other  words,  taking  current  from  the  second- 
ary acts  as  if  it  decreased  the  self-induction  of  the  primary, 
thus  allowing  a  larger  current  to  flow.  Since  ^  decreases 
as  the  load  is  applied,  it  follows  that  cos  #  increases;  hence, 
the  power  supplied  to  the  primary  increases. 

4013.  If  the  secondary  of  an  ideal  transformer  fur- 
nishes current  to  an  inductive  load,  such  as  motors,  the 
secondary   current    C,  lags   behind  the  E.  M.  F.  E^  by  an 

%~  n  L 
angle  ft  of  such  amount  that  tan  ft  =  — -^ — ,  where  L  is  the 

inductance  of  the  circuit  and  A'  the  resistance.  This  action 
is  represented  by  Fig.  1547.  The  magnetizing  current 
O ;«,  magnetic  flux  ON,  primary  E.  M.  F.  if^,  and  secondary 
E.  M.  F.  E^  are  all  represented  as  before.  The  secondary 
current  C,,  however,  lags  behind  E,  by  the  angle  ft\  conse- 
quently the  corresponding  primary  current  Oa  is  behind  the 
primary  E.  M.  F.  E^  by  the  same  angle  /?,  because  Cp  is 
opposite  in  phase  to  O  d.  The  total  primary  current,  being 
the  resultant  of  Oin  and  Oa,  will  be  Ob,  lagging  ^°  behind 
Ep.  It  will  be  noticed  that  ^  is  greater  than  it  would  be 
if  the  transformer  were  working  on  a  non-inductive  load; 
hence  the  primary  current  corresponding  to  a  given  output 
will  be  greater  with  an  inductive  load. 

The  above  diagrams  represent  the  action  of  an  ideal  trans- 
former, and,  as  mentioned  before,  actual  transformers  ap- 
proximate quite  closely  to  the  ideal.  We  will  now  notice 
what  effect  the  resistance  of  the  coils,  core  losses,  and 
magnetic  leakage  have  on  the  action  of  an  actual  trans- 
former. 
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EFFECT    OF    RESISTANCE    OF    PRIMARY     AND 
SECONDARY    COILS. 

4014.  Transformer  coils  always  have  an  appreciable 
resistance,  hence  there  will  be  a  loss  in  them  proportional 
to  the  square  of  the  current.  One  effect,  therefore,  of  coil 
resistance  is  the  heating  under  load  and  a  lowering  of  the 
efficiency.  A  transformer  with  an  excessive  amount  of  coil 
resistance  can  not  have  a  high  efficiency.  The  resistance 
also  produces  another  effect  which  is  more  detrimental  than 
the  mere  loss  in  efficiency,  namely,  bad  regulation.  When 
a  transformer  regulates  badly,  the  secondary  E.  M.  F.,  in- 
stead of  remaining  nearly  constant,  drops  off  as  the  load  is 
applied  and  rises  when  it  is  removed.  This  is  a  particularly 
bad  feature,  especially  when  incandescent  lights  are  being 
operated,  because  the  changes  in  voltage  not  only  affect  the 
brilliancy  of  the  lamps,  but  also  shorten  their  life.  The 
resistance  of  the  primary  prevents  the  induced  back  E.  M.  F. 
from  being  quite  equal  to  the  line  E.  M.  F.,  because  a  cer- 
tain part  of  the  impressed  voltage  is  used  up  in  overcoming 
the  resistance;  this,  in  turn,  will  also  cause  the  secondary 
induced  E.M.  F.  to  be  slightly  smaller  than  it  would  be  if 
the  primary  had  no  resistance.  The  E.  M.  F.  obtained  at 
the  terminals  of  the  secondary  will  be  further  reduced  by  the 
drop  due  to  the  secondary  resistance.  It  is  thus  seen 
that  the  general  effect  of  the  resistance  is  to  cause  a  falling 
off  in  the  secondary  voltage  when  the  transformer  is  loaded. 
The  only  way  to  prevent  bad  regulation  from  this  source 
is  to  make  the  resistance  of  the  coils  as  low  as  possible 
without  making  the  design  bad  in  other  respects. 


EFFECT  OF   MAGNETIC  LEAKAGE. 

4015.  When  a  transformer  has  a  large  magnetic  leak- 
age, quite  a  number  of  the  lines  which  pass  through  the 
primary  will  not  thread  the  secondary,  consequently  the 
E.  M.  F.  induced  in  the  secondary  will  not  be  as  large 
as  it  should  be.  Take  the  case  of  a  transformer  con- 
structed as  shown    in    Fig.   1544.     When  it  is  not  loaded, 
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there  is  no  current  in  the  secondary  coil,  and  conse- 
quently there  is  nothing  to  oppose  the  primary  coil  set- 
ting up  lines  through  the  magnetic  circuit.  Under  these 
circumstances  there  would  be  very  little  leakage.  When, 
however,  a  current  flows  in  the  secondary,  a  counter  mag- 
netic flux  is  set  up  which  is  opposed  to  the  original  flux  set 
up  by  the  primary,  as  indicated  by  the  arrows.  There  is 
then  a  tendency  for  poles  to  form  at  a\  a'  and  b\  b\  thus 
causing  leakage  lines  bb  and  cc  to  be  set  up.  Evidently 
the  leakage  will  increase  as  the  load  on  the  secondary  in- 
creases; hence  the  tendency  of  magnetic  leakage  is  to  cause 
a  falling  off  in  the  secondary  voltage  as  the  transformer  is 
loaded.  The  effect  of  both  resistance  and  magnetic  leakage 
is,  therefore,  to  produce  bad  regulation. 

<4016.  Magnetic  leakage  can  be  avoided  to  a  large  ex- 
tent by  so  placing  the  coils  with  reference  to  each  other 
that  all  the  lines  passing  through  one  must  pass  through 
the  other.  This  might  be  done  by  winding  the  two  coils 
together,  but  this  plan  would  not  work  in  practice,  owing 
to  the  difficulty  of  maintaining  proper  insulation  between 
them.  The  type  shown  in  Fig.  1544  would  have  a  large 
amount  of  leakage  and  would  not  be  used  in  practice.  A 
much  better  arrangement  would  be  to  wind  the  coils  one  on 
top  of  the  other,  thus  leaving  very  little  space  for  lines  to 
leak  through  between  them,  or  to  wind  the  primary  and 
secondary  in  sections  and  interleave  them. 


EFFECT  OF  CORE  LOSSES. 

4017.  Since  the  magnetism  in  the  core  is  constantly 
changing,  there  will  be  a  hysteresis  loss,  just  as  there  is  a 
loss  due  to  the  varying  magnetization  of  an  armature  core. 
The  transformer  will  have  to  take  power  from  the  line  to 
make  up  for  this  loss,  thus  lowering  the  efficiency.  The 
amount  of  loss  due  to  hysteresis  depends  upon  the  quality 
and  volume  of  iron  in  the  core,  as  well  as  upon  the  maxi- 
mum magnetic  density  at  which  it  is  worked.     Since  the 
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magnetic  flux  A^  is  nearly  constant  for  all  loads,  the  magnetic 
density  must  also  be  constant,  and  the  hysteresis  loss  must 
be  about  the  same,  no  matter  what  load  the  secondary  is 
carrying.  Heat  losses  also  occur  in  transformer  cores, 
due  to  eddy  currents  set  up  in  the  iron.  The  iron  in  the 
core  acts  as  a  closed  conductor,  and  the  alternating  field  in- 
duces small  E.  M.  F.'s,  which  give  rise  to  currents  in  the 
core.  In  order  to  prevent  the  flow  of  eddy  currents,  the 
core  is  laminated  or  built  up  of  sheets  varying  in  thickness 
from  . 014  in.  to  about . 025  in. ,  depending  upon  the  frequency, 
the  thicker  iron  being  used  for  transformers  designed  to 
work  on  low  frequencies.  The  effect  of  laminating  the 
core  is  to  break  up  the  paths  in  which  the  eddy  currents 
flow,  thereby  reducing  their  volume.  The  effect  of  both 
eddy-current  and  hysteresis  losses  is  simply  to  increase  the 
power  which  the  primary  takes  from  the  line,  and  thus  lower 
the  efficiency.  These  losses  do  not  affect  the  regulation  to 
any  appreciable  extent,  but  if  large  they  may  lower  the 
efficiency  considerably. 

401 8.     It  has  been  shown  above  that  the  core  losses  take 

place  so  long  as  the  primary  pressure  is  maintained,  and 
are  about  the  same  whether  the  transformer  is  doing  any 
useful  work  or  not.  In  most  lighting  plants,  the  line  pres- 
sure is  maintained  all  day,  while  the  load  may  be  on  for 
only  a  few  hours  out  of  the  twenty-four.  It  follows,  there- 
fore, that  the  O  R,  or  copper,  losses  take  place  for  a  short 
time  only,  whereas  the  iron  losses  go  on  all  day.  It  is  very 
important,  therefore,  that  the  iron  losses  be  small  as  com- 
pared with  the  copper  loss,  because,  if  this  is  not  the  case, 
the  transformer  may  have  a  low  all-day  efficiency;  that  is, 
it  may  give  out  a  small  amount  of  energy  during  the  day 
compared  with  the  amount  it  consumes.  If  the  transformer 
were  loaded  steadily  all  day,  it  would  not  be  of  such  impor- 
tance to  have  the  core  losses  small  compared  with  the  copper 
losses. 
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CONSTRUCTION  OF  TRANSFORMERS. 

401 9.  Transformers  are  made  in  a  variety  of  forms,  but 
they  may,  for  convenience,  be  divided  into  two  general 
classes : 

a.  Core  transformers. 

b.  Shell  transformers. 

In  the  core  trans- 
formers, the  iron  part 
forms  a  core  upon  which 
the  coils  are  wound, 
while  in  the  shell  ar- 
rangement,the  iron  sur- 
rounds the  coils.  Figs. 
1548  and  1549  show  the 
arrangement  of  the 
parts  of  a  common  type 
of  core  transformer. 
The  core  C,  Fig.  1548. 
is  built  up  of  thin  iron 
strips  into  the  rectangu- 
lar form  shown ;  I\  P\ 
Sy  S'  are  the  primary 
and  secondary  coils, 
each  wound  in  two 
parts.  It  will  be  no- 
ticed that  the  primary  is 

wound  over  the  second-  fig.  ims. 

ary,  thus  making  the  leakage  path  between  the  coils  long 
and  of  small  cross-section,  thereby  reducing  the  magnetic 
Primary  leakage.     Fig.  1549 

secontiaryy^^  shows  a  Section  of  the 

coils  and  core.  One 
advantage  of  this  type 
is  that  the  core  may  be 
built  up  of  strips  of 
iron,  no  special  stamp- 
Fio.  1549.  ings     being     required. 


c 

1 
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There  is  also  an  advantage  in  having  the  coils  wound  in  two 
sections,  in  that  it  enables  the  transformer  to  be  connected 
up  for  a  variety  of  voltages.  For  example,  suppose  each 
primary  coil  were  wound  for  1,000  volts  and  each  secondary 
for  50  volts.  By  connecting  the  primary  coils  in  series  or 
parallel,  the  transformer  could  be  operated  on  2,000  or  1,000 
volt  mains,  and  by  connecting  the  secondaries  in  series  or 
parallel,  a  secondary  voltage  of  either  100  or  50  could  be 
obtained.  Modern  transformers  are  usually  built  in  this  way, 
because  it  is  often  convenient  to  be  able  to  make  these 
changes. 

4020.  Figs.  1550  and  1551  show  a  common  type  of 
shell  transformer.  Here  the  primary  and  secondary  coils, 
/*,  P^  and  6",  5,,  respectively,  are  surrounded  by  the  iron  core 


ms, 


S 


h7 


Fig.  1550. 


C,  which  is  built  up  of  iron  stampings  of  the  form  shown  in 
the  sectional  view.  Fig.  1551.  A  cut  is  made  in  the  stamp- 
ing at  //,  so  that  the  tongue  T  may  be  bent  back  to  allow 
the  stampings  to  be  slipped  over  the  coils.  The  magnetic 
lines  are  set  up  around  the  circuit  as  indicated  by  the  dotted 
lines,  and  thus  pass  through  both  primary  and  secondary  coils. 
The  primary  and  secondary  coils  are  split  up  into  two  sec- 
tions, the  primary  being  divided  into  two  parts  and  placed 
on  each  side  of  the  secondary.  The  two  parts  of  the  primary 
coils  are  connected  in  series  by  the  connection  shown  at  n\ 
t  and  /j  are  the  primary  terminals,     Th?  ends  a  and  b  of  coil  5 


CURRENT   APPARATUS. 


2703 


and  c  and  d  of  coil  S^  are  brought  out  separately,  in  order 
that  the  two  coils  may  be  connected  either  in  series  or  in 
parallel,  as  may  be  desired.  Leakage  tends  to  take  place 
between  the  coils,  and  by  interleaving  the  primary  and 
secondary,  the  leakage  is  reduced. 


4021.  Transformers  for  outside  work  are  placed  in  a 
weather-proof  iron  case,  such  as  that  shown  in  Fig.  1552. 
This  shows  a  case 
suitable  for  a  trans- 
former of  the  style 
shown  in  Fig.  1548. 
The  wires  a,  b  are  the 
primary  terminals, 
and  c,  d,  ^,  y"are  con- 
nected to  the  second- 
ary mains.  The  case 
in  which  transform- 
ers are  placed  is  often 
filled  with  an  insula- 
ting oil,  which  not 
only    tends    to    keep 

the  insulation  better,  id  e 

but  also  helps  to  get  fig.  1552. 

rid  of  the  heat  by  conducting  it  away  from  the  transformer 
to  the  iron  case,  and  thence  to  the  outside  air. 

The  ratio  of  transformation  for  transformers  used  in 
ordinary  lighting  work  is  usually  10  or  20,  that  is,  1,000  or 
2,000  volts  primary  and  50  or  100  volts  secondary. 


COXXECTING  TRAXSFOR.MERS. 

4022.  The  ordinary  method  of  connecting  transformers 
to  constant-potential  mains  is  shown  in  Fig.  1553.  In  this 
case  the  primaries  P^  F  are  simply  connected  in  parallel 
across  the  1,000-volt  mains,  and  the  secondary  of  each  de- 
livers 100  volts,  provided  the  ratio  of  the  windings  is  10  to  L 

.l^  /     /I ,  -59 


3704 


THEORY  OF  ALTERNATING 


Fig.  1554  shows  a  transformer  with  its  primary  coil  wound 
in  two  sections,  as  referred  to  in  Art.  4019.     Each  primary 
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FlG.   1553. 

coilis  wound  for  1,000  volts  and  the  secondaries  for  50  volts; 
hence,  by  connecting  the  primaries  in  series,  the  transformer 
may  be  attached    to    2,000-volt 
mains.     If    the    secondaries    are 
connected    in    series    as    shown, 
100    volts    will    be    obtained   be- 
tween     the      secondary     mains. 
The    primaries    might    be    con- 
nected in  parallel  and  attached 
to  1,000-volt  mains  and  100  volts 
obtained     from    the    secondary, 
or  both  primary  and  secondary  might  be  connected  in  paral 
lei  and  the  transformation  made  from  1,000  volts  to  50  volts 
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Fig.  1554. 


4023.     Sometimes    it    is    necessary 
secondaries    of    two   transformers 
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Fig.  1555 
the  other.      If  the  connections  were  made  as  in  Fig 
they  would  be  wrong,  because  the  two  coils  would  practically 


to  connect  up  the 
to  feed  into  the  same 
circuit,  as  shown  in 
Fig.  1555.  When  this  is 
done,  care  should  be 
taken  to  get  the  corre- 
sponding ends  of  the  two 
secondaries  connected 
as  shown  in  the  figure, 
with  terminals  a  and  3 
brought  together  to  one 
main,  and  c  and  d  to 
1556, 
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be  connected  up  in  Series  into  a  closed  circuit,  and  the  conse- 
quence would  be  that  the  two  coils  would  be  short-circuited 
and  burnt  out.  The  same  care  must  be  taken  in  connecting 
primary  coils  in  series  across  the  mains.      If  one  coil  is  con- 

Main. 


Fig.  1556. 

nected  up  so  as  to  neutralize  the  other,  the  coils  act  as  if  they 
had  no  self-induction,  and,  in  consequence,  are  not  able  to 
choke  back  the  current.  The  result  is  a  rush  of  current 
through  the  prima-  _ 
ries,  and  they  are 
burnt  out  unless  pro- 
tected by  fuses.  _[ L     sratn 
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4024.  Pairs  of 
transformers  are  of- 
ten connected  up  so 
as  to  deliver  current 
to  secondary  mains 
on  a  plan  similar  to 
the  three-wire  sys- 
tem,    as     shown    in 

Fig.  1557.    This  plan  fig.  ixr. 

allows  the  use  of  a  higher  secondary  line  voltage,  and  hence 
cuts  down  the  amount  of  copper  required  for  the  mains.  By 
connecting   the   two   100-volt  secondaries  in  series,  a  line 
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voltage  of  200  is  obtained. 


Phase  1. 

Phase  2. 
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A  third  or  neutral  wire  is  run 
from  e,  where  the  two  coils 
unite,  and  if  the  load  on  each 
side  is  balanced,  no  current 
flows  in  this  line. 


4025.  Ordinary  trans- 
formers are  generally  used  on 
multiphase  systems,  although 
special  two  and  three  phase 
transformers  have  been  con- 
however,  to  connect  up  two  or  more 


Fig.  1558. 
structed.  It  is  usual, 
single-phase  transformers  in  the  combination  required  to 
do  the  work.  Fig.  1558  shows  two  transformers  connected 
to  two-phase  mains.  These  are  simply  connected  in  parallel 
across  the  two  pair  of  mains  in  the  usual  manner,  and  the 
mains  from  the  secondary  constitute  in  this  case  a  two- 
phase  system  with  a  line  pressure  of  100  volts. 


4026.     Transformers  may  be  connected  up  in  a  number 
of    different  ways  on  three-phase  circuits,  depending  upon 

Main. 
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r 

Fig.  1559. 
whether  the  Y  or  A  connection  is  used.     In  all  the  following 
examples  there  are  supposed  to  be  ten  times  as  many  pri- 
mary turns  as  secondary  on  the  transformers  used ;  that  is, 
they  transform  down  in  the  ratio  of  10:1.     Three   single- 
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Maim. 


phase  transformers  are  employed  in  each  case,  their  pri- 
mary coils  being 
/>  P'l  P"i  ^^^  their 
corresponding  sec- 
ondaries J,  s\  s" . 
In  the  first  case, 
Fig.  1550,  both  the 
primaries  and  sec- 
ondaries are  con- 
nected up  A,  and 
they  would,  there- 
fore, transform 
from  1,000  volts 
primary  to  100  volts 
secondary,  or  the 
ratio  of  primary  line 
voltage  to  second- 
ary would  be  the 
same  as  that  of  the  windings.  In  Fig.  15G0  the  primaries  are 
connected  A  and  the  secondaries  Y.     In  this  case  the  voltage 

Main. 


Fig.  1560. 


FlO.  1561. 

generated   in  each  of  the  secondary  windings  will  be  100;. 
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hence,  the  line  pressure  will  be  100  4/3  or  173  volts.  This 
arrangement,  therefore,  transforms  from  1,000  volts  pri- 
mary to  173  volts  secondary.  In  Fig.  1561  the  primaries 
are  connected  Y  and  the  secondaries  A.  Since  the  Y  con- 
nection is    used    on    the  primaries,   the    voltage    impressed 

on  each  primary  will  be  '  ,  or  577  volts;  hence,  that 
generated  in  each  secondary  will  be  57.7  volts,  and  as  these 


Main. 


Main. 


j  Main. 


Fig.  1502. 
are  connected  A,  the  secondary  line  voltage  will  be  57.7 
volts.  This  arrangement,  therefore,  transforms  from  1,000 
volts  primary  to  57.7  volts  secondary.  In  Fig.  15G2  both 
primary  and  secondary  are  connected  Y,  and  it  is  evident 
that  such  an  arrangement  would  transform  from  1,000 
to  100.  The  connections  best  adapted  for  any  work  will 
depend  largely  upon  the  magnitude  of  the  E.  M.  F. 's  and 
currents  to  be  handled.  For  example,  if  a  very  high  line 
voltage  were  employed,  it  would  be  best  to  use  the  Y  con- 
nection on  the  primaries,,  because  this  would  lessen  the 
voltage  on  any  one  transformer.  On  the  other  hand,  if  the 
secondaries  had  to  deliver  very  heavy  currents,  they  would 
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in  all  probability  be  connected  up  A,  as  this  would  cut  down 
the  current  in  the  secondary  windings  and  avoid  the  use  of 
Buch  heavy  conductors  in  the  coils. 


SPECIAL    USES    OF    TRANSFORMERS. 

4027.  Two  currents  differing  in  phase  by  90°  may  be 
transformed  into  three  differing  by  120°,  by  means  of  an 
arrangement  of  special 
transformers.  Fig. 
1563  shows  the  princi- 
ple of  the  device  for 
transforming  from  two 
phase  to  three  phase, 
and  vice  versa,  brought 
out  by  Mr.  C.  F.  Scott. 
Two  transformers  A 
and  B  are  connected 
to  two-phase  mains,  as 
shown.  The  secondary 
coil  of  B  is  represented 
by  b  d,  and  that  of  A  by  ec 


Fig.  156a 
The  secondary  coil  of  A^  that  is, 


i^ 


e  c,  has  -—  times  as  many  turns  as  the  secondary  of  B. 


The 


relation  of  the  secondary  E.  M.  F.'s  generated  in  such  an 

arrangement  is  shown  in  Fig. 
1564;  b  d  \s  the  pressure  gener- 
ated in  the  secondary  of  B,  and 
c  e  xs,  that  generated  in  the  sec- 
ondary of  A.  From  the  relation 
of  the  windings,  it  follows  that 
bed  must  be  an  equilateral  tri- 
angle; hence,  the  pressures  b  r, 
e  d,  and  b  d  are  all  equal  and 
differ  120°  in  phase.  If,  therefore, 
three  lines  are  attached  to  the  terminals  b,  d,  e.  Fig.  15G3, 
we  will  have  a  three-phase  system,  or  if  three-phase 
currents  are  supplied,  they  will  be  transformed  to  two  cur- 
rents differing  in  phase  by  90°. 


Pig.  15M. 
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4028.  Another  special  use  to  which  transformers  are 
sometimes  put  is  that  of  raising  or  lowering  the  pressure  on 
feeders  running  from  the  station.  Suppose  A  B,  Fig.  1565, 
to  represent  a  feeder  running  to  some  distant  point  requir- 
ing the  pressure  on  this  particular  feeder  to  be  higher  than 
that  on  the  others  connected  to  the  same  dynamo.  Raising 
the  dynamo  pressure  would  increase  the  voltage  on  all  the 
feeders  connected  to  it,  and  this  would  make  the  pressure  at 
points  near  the  station  too  high.  By  connecting  a  trans- 
former as  shown  in  Fig.  1565,  the  voltage  on  A  B  may  be 
raised  without  affecting  any  of  the  other  feeders.  This 
transformer  has  its  primary  c  d  connected  across  the  mains 
in  the  usual  way,  while  the  secondary  is  connected  in  series. 
The  result  of  this  is  that  the  voltage  of  the  secondary  is 
either  added  to  or  subtracted  from  that  of  the  dynamo,  thus 

-100    V: — ^ 
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Fig.  1565, 

either  increasing  or  decreasing  the  line  voltage.  In  the  case 
shown,  the  transformer  is  wound  for  1,000  volts  primary  and 
100  secondary,  so  that  the  line  voltage  is  increased  from  1,000 
to  1,100,  provided  the  terminals  a  b  oi  the  secondary  are  so 
connected  that  the  secondary  voltage  is  added.  The  proper 
method  of  connecting  a  b  is  easily  found  by  trial,  and  can 
be  changed  by  simply  reversing  the  terminals.  The  second- 
ary 6""  must  be  of  sufficient  current-carrying  capacity  to 
carry  all  the  current  which  the  feeder  ^  ^  is  ever  called 
upon  to  furnish.  The  capacity  of  the  transformer  must  be 
at  least  equal  to  the  extra  watts  which  are  to  be  supplied  to 
the  line,  that  is,  line  current  times  amount  by  which  voltage 
is  to  be  raised. 

4029.     The    arrangement     described    above,    using    a 
simple  transformer,  will,   of  course,  give   only   one  adjust- 
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ment  of  voltage.  In  cases  where  it  is  desired  to  have  the 
voltage  adjustable,  the  secondary  coil  may  be  wound  in 
sections,  and  these  cut  in  or  out  by  means  of  a  switch,  thus 
adding  or  subtracting  any  required  voltage  to  or  from  that 
of  the  alternator.  Such  a  device  is  known  as  a  Stlllwell 
regulator,  and  it  is  frequently  used  in  central  stations  to 
adjust  the  feeder  voltages  independently  of  the  pressure 
furnished  by  the  dynamos. 

4030.     When    induction    motors    are    operated     from 
monocyclic  alternators,  the  transformers  are  connected  as 

Line. 
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shown  in  Fig.  1566.  Ordinary  transformers  are  used,  with 
their  primaries  connected  in  series  across  the  outside  mains, 
the  middle  point  k  being  connected  to  the  teazer  wire. 

The  secondaries  S,  5'  are  also  connected  in  series,  but 
with  the  secondary  of  one  reversed  with  regard  to  the  other. 
This  gives  three  secondary  voltages  in  an  approximately 
three-phase  relation.  These  three  voltages  will  not  be  equal, 
the  lower  voltage  being  that  of  the  teazer,  and  the  other 
two  combinations  of  the  teazer  and  main  pressures. 


4031.  Transformers  are  often  used  on  switchboards 
to  tell  when  two  alternators  are  in  synchronism.  Suppose 
A,  Fig.  1567,  is  an  alternator  supplying  current  to  bus-bars 
M,  M,  and  it  is  desired  to  connect  machine  B.  The  alter- 
nator B  should  be  in  step  with  A  before  being  connected, 
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and  in  order  to  tell  when  this  is  the  case,  two  small  trans- 
formers have  their  primaries  c  and  d  connected  as  shown, 
corresponding  terminals  on  each  primary  being  connected 
to  similar  terminals  of  A  and  B.  The  secondaries  e  and  f 
are  connected  in  series,  as  shown,  and  a  couple  of  incandes- 
cent lamps  /,  /  are  connected  in  the  circuit.      If  A  and  B  are 
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exactly  in  phase,  the  E.  M.  F.'s  in  e  and  f  would  just  neu- 
tralize each  other  and  the  lamps  would  not  light  up;  if 
opposite  in  phase,  they  would  light  up  to  full  candle-power. 
If  the  machines  are  not  running  in  synchronism,  the  lamps 
will  flicker,  and  the  more  nearly  they  get  into  synchronism, 
the  slower  will  the  flickering  become.  When,  therefore,  the 
beats  become  very  slow,  the  switches  S,  S  are  thrown  when 
the  lamps  are  out,  and  the  machines  go  on  running  in  par- 
allel. If  the  connections  of  one  of  the  transformers  were 
reversed,  it  is  readily  seen  that  the  instant  when  A  and  B  were 
in  phase  would  be  indicated  by  the  lamps  being  up  to  full 
brilliancy  instead  of  being  out.  Attention  should,  there- 
fore, be  paid  to  the  transformer  connections  in  using  such 
an  arrangement  for  synchronizing  alternators. 


CURRENT   APPARATUS.  2713 

ALTERXATIXG-CURRENT  MOTORS. 

4032.  Motors  designed  for  use  in  connection  with 
alternating  currents  may  be  divided  into  two  classes: 

1.  Synchronous  motors. 

2.  Induction  motors. 

Both  kinds  are  in  common  use,  and  by  far  the  larger  part 
of  all  the  motors  operated  in  connection  with  the  alternate 
current  belong  to  one  of  these  classes.  There  are  a  few 
other  motors  which  are  used  to  some  extent,  but  their  num- 
ber is  insignificant  compared  with  those  of  the  above  two 
classes. 


SYNCHRONOUS  MOTORS. 
4033.  Synchronous  motors  are  made  to  operate 
either  on  single-phase  or  polyphase  systems,  and  are  so  called 
because  they  always  run  in  synchronism  with,  or  at  the 
same  frequency  as,  the  alternator  driving  them.  In  con- 
struction they  are  almost  identical  with  the  corresponding 
alternator,  and  always  consist  of  the  two  essential  parts, 
field  and  armature,  either  of  which  may  revolve.  The  field 
of  such  motors  must  be  excited  from  a  separate  continuous- 
current  machine  in  the  same  way  as  an  alternator.  The 
fields  of  synchronous  motors  are,  however,  very  seldom 
compound  wound,  and  hence  are  provided  simply  with  col- 
lector rings,  rio  rectifier  being  required;  otherwise,  the 
whole  construction  of  the  motor  is  about  the  same  as  that 
of  the  alternator.    ' 

-1034.  If  a  single-phase  alternator  be  connected  to  an- 
other similar  machine,  the  latter  will  not  start  up  and  run 
as  a  motor,  because  the  current  is  rapidly  reversing  in  its 
armature,  thus  tending  to  make  it  turn  first  in  one  direction 
and  then  in  the  other.  The  consequence  is  that  the  arma- 
ture does  not  get  started  from  rest.  If,  however,  the  second 
machine  be  first  run  up  to  a  speed  such  that  the  frequency 
of  its  alternations  is  the  same  as  that  of  the  alternator,  and 
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then  connected  into  circuit,  the  impulses  of  current  will  all 
tend  to  keep  it  rotating,  and  the  machine  will  continue  run- 
ning as  a  motor.  The  motor  would  have  to  be  run  up  to 
synchronism  by  means  of  some  outside  source  of  power,  and 
the  fact  that  single-phase  synchronous  motors  will  not  start 
of  their  own  accord  is  a  serious  drawback  to  their  use.  On 
the  other  hand,  polyphase  synchronous  motors  will  start 
from  rest  and  run  up  to  synchronism,  because,  before  the 
current  has  died  out  in  one  set  of  coils,  it  is  increasing  in  one 
of  the  other  sets,  so  that  there  is  always  some  turning  effort 
exerted  on  the  armature.  While  starting,  such  motors  take 
quite  a  large  current  from  the  line,  and  they  will  not  start  at 
all  under  any  heavy  load.  They  must,  therefore,  be  started 
up  first  and  the  load  applied  afterwards,  when  they  will  con- 
tinue running  in  synchronism  with  the  alternator,  and  will 
take  current  from  the  line  in  proportion  to  the  work  done. 

4035.  Synchronous  motors  behave  differently  in  some 
respects  from  direct-current  machines.  If  the  field  of  a 
direct-current  motor  be  weakened,  the  motor  will  speed  up 
and  the  current  flowing  through  the  armature  will  remain 
practically  unchanged.  If  the  field  strength  of  a  synchro- 
nous motor  be  changed,  the  speed  can  not  change,  because 
the  motor  has  to  keep  in  step  with  the  alternator.  Such  a 
motor  adjusts  itself  to  changes  of  load  and  field  strength  by 
the  changing  of  the  phase  difference  between  the  current 
and  E.  M.  F.  Imagine  a  synchronous  motor  which,  we  will 
suppose,  runs  perfectly  free  when  not  under  load.  If  such 
a  machine  were  run  up  to  synchronism,  and  its  field  adjusted 
so  that  the  counter  E.  M.  F.  of  the  motor  were  equal  and 
opposite  to  that  of  the  dynamo,  no  current  would  flow  in 
the  circuit  when  the  two  were  connected.  At  any  instant 
the  E.  M.  F.  causing  current  to  flow  is  the  difference  be- 
tween the  instantaneous  E.  M.  F.  of  the  alternator  and  the 
counter  E.  M.  F.  of  the  motor.  If  the  motor  be  loaded,  its 
armature  will  lag  a  small  fraction  of  a  revolution  behind  that 
of  the  alternator,  and  the  motor  E.  M.  F.  will  no  longer  be 
in  opposition  to  that  of  the  alternator,  consequently  a  cur- 
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rent  will  flow  sufficiently  large  to  enable  the  motor  to  carry- 
its  load.  The  greater  the  load  applied,  the  larger  will  be 
the  current  which  is  thus  allowed  to  flow.  It  must  be  borne 
in  mind  that  this  phase  difference  is  caused  by  a  small  rela- 
tive lagging  of  one  armature  behind  the  other,  not  by  a 
difference  in  speed.  For  example,  the  change  of  phase  from 
full  load  to  no  load  might  not  be  more  than  25°,  and  this 
would  mean  an  angular  displacement  on  the  machine  of  a 
little  more  than  ^  of  a  pole  face.  If  the  machine  be  loaded 
too  heavily,  the  slipping  back  of  the  motor  armature  will  be- 
come sufficiently  great  to  throw  the  motor  out  of  synchro- 
nism, and  it  will  come  to  a  standstill. 

4036.  Since  polyphase  synchronous  motors  will,  when 
not  loaded,  run  up  to  synchronism  of  their  own  accord,  they 
are  largely  used  for  power-transmission  purposes  in  places 
where  a  large  starting  effort  is  not  required  and  where  the 
motor  is  not  started  and  stopped  frequently.  They  have 
an  advantage  over  induction  motors  in  that  they  do  not 
produce  lagging  currents,  and  are  therefore  better  adapted 
for  power-transmission  plants.  What  was  said  with  regard 
to  alternator  armature  windings  also  applies  to  synchronous 
motors,  such  motors  being  built  for  either  two  or  three 
phase  systems, 

4037.  The  speed  at  which  a  synchronous  motor  will 

run  when  connected  to  an  alternator  of  frequency  fi  is  s  =  — , 

where  s  is  the  speed  in  revolutions  per  second  and  /  the 
number  of  pairs  of  poles  on  the  motor.  For  example,  if  a 
10-pole  motor  were  run  from  a  125-cycle  alternator,  the 
speed  of  the  motor  would  be  -L|4  =  25  rev.  per  sec,  or  1,500 
R.  P.  M.  It  follows  from  the  above  that  if  the  motor  had 
the  same  number  of  poles  as  the  alternator,  it  would  run  at 
exactly  the  same  speed,  and  any  variation  in  the  speed  of  the 
alternator  would  be  accompanied  by  a  corresponding  change 
in  the  speed  of  the  motor. 
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HVnUCTION   MOTORS. 

4038.  In  a  great  many  cases  it  is  necessary  to  have  an 
alternating-current  motor  which  will  not  only  start  up  of 
its  own  accord,  but  one  which  will  start  with  a  strong 
torque.  This  is  a  necessity  in  all  cases  where  the  motor 
has  to  start  up  under  load.  It  is  also  necessary  that  the 
motor  be  such  that  it  may  be  started  and  stopped  frequently, 
and  in  general  be  used  in  the  same  way  as  a  direct-current 
motor.  These  requirements  are  fulfilled  by  induction 
motors^  which  have  come  largely  into  use,  especially  in  sizes 
up  to  about  100  or  150  H.  P. 

4039.  Induction  motors  are  usually  made  for  opera- 
tion on  two  or  three  phase  circuits,  although  they  are  some- 
times operated  on  single-phase  circuits,  as  explained  later. 
They  always  consist  of  two  essential  parts,  namely,  the 
primary^  or  field,  to  which  the  line  is  connected,  and  the 
secondary^  or  armature,  in  which  currents  are  induced  by 
the  action  of  the  primary.  Either  of  these  parts  may  be 
the  revolving  member,  but  we  will  suppose  in  the  following 
that  the  field  is  stationary  and  the  armature  revolving. 
In  a  synchronous  motor  or  direct-current  motor,  the  current 
is  led  into  the  armature  from  the  line,  and  these  currents 
reacting  upon  a  fixed  field  provided  by  the  stationary  field- 
magnet  produce  the  motion.  In  the  induction  motor,  how- 
ever, two  or  more  currents  differing  in  phase  are  led  into 
the  field,  thus  producing  a  magnetic  field  which  is  constantly 
changing  and  which  induces  currents  in  the  coils  of  the 
armature  in  the  same  way  that  currents  are  induced  in  the 
secondary  coils  of  transformers.  These  induced  currents 
react  on  the  field  and  produce  the  motion  of  the  armature. 
It  is  on  account  of  this  action  that  these  machines  are  called 
induction  motors. 

4040.  The  winding  on  the  field  of  an  induction  motor 
is  almost  exactly  the  same  as  that  on  the  armature  of  a 
synchronous  motor.  The  field  structure  is  built  up  of  disks 
with  teeth  on  their  inner  circurnference,  which  forra  slots 
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when  the  core  is  assembled.  The  coils  are  placed  in  these 
slots,  forming  a  winding  like  that  on  the  surface  of  a  poly- 
phase armature.  Distributed  windings  are  usually  em- 
ployed; that  is,  there  is  generally  more  than  one  coil  per 
pole  per  phase,  and  the  winding  when  completed  resembles 


Pig.  1568. 

very  much  the  evenly  distributed  arrangement  of  coils  on  a 
continuous-current  armature.  Fig.  1568  shows  a  finished 
field  for  an  induction  motor.  The  coils  are  seen  at  a,  a 
distributed  evenly  around  the  inner  circumference. 

4041.     The  action  of  the  out-of-phase  currents  in  pro- 
ducing a  changing  field  will  be  understood  by  taking  the  case 
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of  a  simple  two-phase  field  as  shown  in  Fig.  1509.  In  order  to 
make  the  action  clearer,  we  will  suppose  that  the  coils  are 
wound  on  projecting  poles  instead  of  being  sunk  in  slots. 
The  field  /^composed  of  laminations  has  eight  polar  projec- 
tions, four  poles  for  each  phase.  Each  projection  is  wound 
with  a  coil,  and  alternate  coils  belong  to  the  same  phase,  the 
winding  constituting  phase  1  being  shown  full  and  phase  2 
dotted.     The    winding    is  such  that    if  a  current   is  sent 


Fig.  1569. 

through  either  of  the  windings,  the  poles  formed  are  alter- 
nately north  and  south;  for  example,  i,  <?,  5,  7  would  be  N 
and  vS"  as  shown.  If  such  a  field  were  connected  to  a  two- 
phase  alternator,  we  would  have  currents  in  each  of  the  cir- 
cuits, differing  in  phase  by  90°  and  continually  reversing  in 
direction.  The  effect  of  this  is,  that  as  the  magnetism  in, 
say,  pole  1  dies  out,  it  increases  in  pole  ^,  and  so  on,  thus 
producing  the  effect  of  a  field  continually  shifting  around  or 
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revolving.  In  fact,  the  field  produced  by  the  field  coils 
shifts  around  in  the  same  way  that  the  field  is  made  to  shift 
around  the  armature  of  the  alternator  by  its  rotation  in  the 
field  produced  by  the  separately  excited  field-magnets.  We 
have,  then,  the  effect  of  a  four-pole  revolving  field,  and  the 
speed  at  which  it  revolves  would  depend  upon  the  frequency 
of  the  alternator.     In  this  case,  if  the  frequency  were  60,  the 

2  X  60 

field  would  makei-  =  — - — =  30  re  v.  per  sec,  or  1,800  R.  P.M. 

The  effect  of  the  distributed  winding  in  Fig.  1568  is  more 
uniform  than  that  in  the  simple  motor  shown  above  and 
causes  the  motor  to  exert  a  more  even  torque. 

40-42.  Suppose  an  armature  having  also  eight  polar  pro- 
jections to  be  placed  inside  the  field  of  Fig.  1569.  Each  of 
these  projections  is  wound  with  a  coil  c^  Fig.  1570,  and  these 
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coils  form  independent  closed  circuits,  since  their  two  ter- 
minals are  united  at  the  points^.     When  a  current  is  sent 

M.  /;.    IV.— )o 
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through  the  field,  a  varying  magnetic  flux  is  set  up  through 
the  armature  coils,  thus  generating  an  E.  M.  F.  in  them. 
Since  the  coils  form  closed  circuits,  the  induced  E.  M.  F. 
causes  currents  to  be  set  up  in  them,  and  this  causes  the 
armature  to  rotate  by  the  reaction  of  these  currents  on  the 
field.  If  the  armature  were  held  from  turning,  the  coils  on 
the  armature  would  act  like  the  secondary  of  an  ordinary 
transformer,  and  heavy  currents  would  be  set  up  in  them. 
However,  as  the  armature  comes  up  to  speed,  the  relative 
motion  between  the  revolving  field  and  armature  becomes 
less,  and  the  induced  E.  ."\I.  F.'s  and  currents  become 
smaller,  because  the  secondary  turns  do  not  cut  as  many 
lines  of  force  as  before.  If  the  armature  were  running 
exactly  in  synchronism  with  the  field,  there  would  be  no 
cutting  of  lines  whatever,  no  currents  would  be  induced,  and 
the  motor  would  exert  no  torque.  Therefore,  in  order  to 
have  any  induced  currents,  there  must  be  a  difference  in 
speed  between  the  armature  and  the  revolving  field,  and  the 
greater  the  current  and  consequent  torque  or  effort,  the 
greater  must  be  this  difference.  When  the  load  is  very  light, 
the  motor  runs  almost  exactly  in  synchronism,  but  the  speed 
drops  off  as  the  load  is  increased.  This  difference  between 
the  speed  of  the  armature  and  that  of  the  field  for  any  given 
load  is  called  the  slip.  The  slip  in  well-designed  motors 
does  not  require  to  be  very  great,  because  the  armatures  are 
made  of  such  low  resistance  that  a  small  secondary  E.  M.F. 
causes  the  necessary  current  to  flow.  In  well-designed 
machines  it  varies  from  2  to  5^  of  the  synchronous  speed, 
depending  upon  the  size.  A  20  H.  P,  motor  at  full  load  might 
drop  about  5^  in  speed,  while  a  75  H,  P.  motor  might  fall  off 
about  2^^.  For  example,  if  an  8-pole  motor  were  supplied 
v/ith  current  at  a  frequency  of  60,  its  field  would  revolve 
■S^  =  15  rev.  per  sec,  or  900 ~R.  P.  M.,  and  its  no-load  speed 
would  be  very  nearly  900.  At  full  load  the  slip  might  be 
5^,  so  that  the  speed  would  then  be  855  R.  P.  M.  It  is  thus 
seen  that  as  far  as  speed  regulation  goes,  induction  motors 
are  fully  equal  to  direct-current  machines. 
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ARMATURE    WINDING. 

4043.  The  armature  winding  of  induction  motors  is,  like 
that  of  the  field,  placed  in  slots  around  the  periphery  of  the 
drum.  In  many  cases  this  winding  consists  simply  of  a 
number  of  heavy  copper  bars  placed  in  the  slots  and  formed 
into  closed  circuits  by  means  of  heavy  connecting  rings  at 
the  ends.  Such  a  squirrel-cage  winding,  as  it  is  often 
called,  is  shown  in  Fig.  1571,  where  the  winding  bars  b  are 
shown  bolted  to  the  short-circuiting  rings  r,  r.  In  some 
cases,  especially  in  the  larger  motors,  it  is  best  to  have  the 


Fig.  1571. 
armature  winding  so  arranged  that  a  resistance  may  be 
inserted  in  series  with  it  while  the  motor  is  starting  up,  and 
cut  out  when  full  speed  is  attained.  If  this  is  not  done, 
there  will  be  a  large  rush  of  current  at  starting,  because, 
when  the  motor  is  standing  still,  it  is  in  the  condition  of  a 
transformer  with  its  secondary  short-circuited,  and  since 
the  armature  is  stationary  with  regard  lo  the  field,  a  fairly 
high  E.  M.  F.  might  be  induced,  thus  causing  a  very  heavy 
current  to  liow  through  the  low-resistance  secondary  winding. 


2722 


THEORY  OF  ALTERNATING 


This  would  cause  a  large  current  to  flow  in  the  primary, 
and  would,  therefore,  be  objectionable.  Moreover,  this 
large  secondary  current  reacts  on  the  field  produced  by 
the  primary  so  as  to  greatly  Aveaken  it,  and  results  in  a  very 
small  starting  torque.  If  the  armature  were  so  designed  as 
to  have  a  fairly  high  resistance  in  itself,  in  order  to  limit  the 
starting  current  and  procure  a  good  starting  torque,  the 
motor  would  be  inefficient  and  would  give  bad  speed  regula- 
tion. It  is  therefore  best  to  have  a  resistance  which  may 
be  placed  temporarily  in  the  circuit  and  then  cut  out.  This 
may  be  done  by  supplying  the  secondary  with  a  regular 
winding  similar  to  that  of  the  field,  and  bringing  the  termi- 
nals to  collector  rings.  By  means  of  these,  connection  may 
be  made  to  a  resistance-box,  and  resistance  cut  in  or  out  in 
much  the  same  way  as  is  done  in  starting  up  direct-current 
motors.  In  the  General  Electric  Co.  's  motors,  the  use  of  col- 
lector rings  is   avoided    by  mounting  the  resistance  on  the 


Fig.  1572. 
armature  spider,  and  cutting  it  out  by  a  switch  operated  by 
a  sliding   collar  on  the  shaft.      This  enables  the  motor  to  be 
built  without  any  moving  contacts  whatever. 
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4044.  In  cases  where  it  is  necessary  to  have  induction 
motors  run  at  variable  speeds,  it  is  usual  to  supply  them  with 
collector  rings  connected  to  an  adjustable  rheostat,  a  method 
often  used  where  such  motors  are  intended  for  operating 
hoists,  etc.  Fig.  1572  shows  one  of  the  above  motors  with 
adjustable  resistance  in  the  secondary,  the  handle  h  shown 
in  the  figure  being  used  to  operate  the  sliding  collar  c.  It  also 
shows  the  arrangement  of  the  parts  of  a  motor  with  station- 
ary field  and  revolving  armature. 


FIELD    AlVD  ARMATURE   CONNECTIONS, 

4045.  The  field  and  armature  windings  of  three-phase 
induction  motors  are  the  same  as  those  on  three-phase  alter- 
nators, and  such  windings  may  be  connected  up  Y  or  A,  in 


Fir.,  ires. 


whichever  way  is  best  suitpd  to  the  conditions  under  which 
the  motor  is  to  work.  If,  for  example,  the  field  were  to  be 
connected  to  high-potential  mains,  it  would  probably  have 
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its  coils  connected  up  Y.  Fig.  1573  shows  the  arrangement 
of  coils  for  a  simple  three-phase  motor  field,  the  connections 
between  coils  not  being  shown,  as  the  diagram  is  intended 
to  show  simply  the  arrangement  of  coils.  The  field  stamp- 
ings F  are  provided  with  24  slots  ^S",  and  there  are  12  coils, 
consisting  of  three  sets  A^  J3,  and  C  of  four  coils  each, 
set  B  being  120°  behind  A,  and  set  C  120°  behind  B.  Such 
a  winding,  when  fed  from  three-phase  mains,  would  give 
rise  to  a  4-pole  revolving  field.  The  winding  shown  has  only 
one  coil  per  pole  per  phase.  Modern  induction-motor  fields 
usually  have  a  large  number  of  slots;  for  example,  an  8-pole 
motor  with  three  coils  per  pole  per  phase  would  have  72  coils 
and  72  slots  if  a  two-layer  winding  were  used,  as  is  usually 
done.  The  windings  of  induction  motors  will  be  treated  of 
more  in  detail  in  connection  with  induction-motor  design. 


OPERATION   OF   INDUCTION  MOTORS. 

4046.     Induction    motors  always   give  rise  to  lagging 
currents  in  the  line;  that  is,  the  actual  watts  taken  from 
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Fig.  1574. 


the  line  is  not  equal  to  the  volts  times  amperes,  but  is  this 
product  multiplied  by  the  power  factor  of  the  motor.  The 
higher  the  self-induction  of  the  motor  and  the  higher  the 
frequency,  the  lower  will  be  the  power  factor,  other  things 
being  equal.  It  is  best,  therefore,  to  operate  motors  at  a 
fairly  low  frequency,  and  desigp  them  so  that  their  self- 
induction  shall  not  be  too  great.  The  use  of  open  slots,  as 
at  {a)  and  {b),  Fig.  1574,  tends  to  keep  down  self-induction, 
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because  an  air-gap  de  is  introduced  into  the  path  of  the 
magnetic  lines  which  the  coil  tends  to  set  up  around  itself. 
If  closed  slots  are  used,  the  inductance  is  greater,  because 
the  coils  can  set  up  a  flux  through  a  complete  iron  path. 
The  power  factor  cos  ^  of  a  good  motor  operating  on  60 
cycles  should  be  from  .85  to  .87  at  full  load. 

4047.  Induction  motors  are  always  constructed  with  a 
multipolar  field,  so  as  to  keep  down  the  speed  of  rotation. 
The  number  of  poles  employed  increases  with  the  output, 
and  the  speed  is  correspondingly  decreased.  The  following 
table  gives  the  relation  between  poles,  output,  and  speed  for 
some  of  the  standard  sizes  of  induction  motors  (CO  cycle). 

TABLE    116. 


INDUCTION  MOTORS. 


Poles. 

H.  P. 

Speed. 

4 

1 

1,800 

6 

5 

1,200 

6 

10 

1,200 

8 

10 

900 

8 

20 

900 

10 

50 

720 

12 

75 

600 

PHASE    SPLITTING. 

4048.  Motors  are  sometimes  operated  from  single- 
phase  circuits  by  "  splitting  the  phase  ";  that  is,  the  original 
single-phase  current  may  be  split  up  into  other  currents 
which  are  out  of  phase,  and  thus  suitable  for  starting  up  a 
motor.  A  simple  arrangement  of  this  kind  is  shown  in 
Fig.  1575.  The  motor  is  supplied  with  two  windings  which 
are  connected  to  the  mains,  one  in  series  with  a  resistance  R 
and  the  other  in  series  with  an  inductanre  /,.      It  is  evident 
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that  the  current  in  circuit  B  will  lag  behind  that  in  J,  and 
the  motor  will  therefore  be  supplied  with  two  currents  suit- 
able for  starting.  After  the  motor  has  run  up  to  speed, 
R  and  L  are  usually  cut  out  and  the  machine  runs  as  a  single- 
phase  motor.     A  number  of  starting  devices  are  in  use  for 


Line. 


Fig.  1575. 

operating  motors  from  single-phase  machines;  but  where  a 
really  satisfactory  motor  is  required,  the  multiphase-induc- 
tion or  synchronous  motors  are  used.  The  latter  are  especially 
valuable  for  large  power-transmission  plants,  where  lagging 
currents  are  objectionable. 


ROTARY  TRANSFORMERS. 
4049.  It  is  often  necessary  to  change  direct  current  to 
alternating,  and  vice  versa,  and  machines  for  accomplishing 
this  are  known  as  rotary  transformers.  The  transforma- 
tion might  be  effected  by  having  an  alternating-current 
motor  coupled  to  a  direct-current  generator,  simply  using 
the  alternating  current  to  drive  the  generator.  An  ar- 
rangement of  two  machines  is,  however,  not  usually  neces- 
sary, although  such  motor-generator  sets  are  used  to  some 
extent.  Rotary  transformers  are  largely  used  for  changing 
alternating  current  to  direct  for  the  operation  of  street 
railways,  electrolytic  plants,  etc. 
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SIMGLB-PHASB   TRAXSFORMBRS. 

4050.  Suppose  an  ordinary  Gramme  ring  armature  to 
be  revolved  in  a  two-pole  field  as  shown  in  Fig.  157G;  a  con- 
tinuous E.  M.  F.  will  be  generated  and  a  continuous  current 
obtained  by  attaching  a  circuit  to  the  brushes  a,  a'.  If, 
instead  of  the  commutator,  two  collector  rings  were  at- 
tached to  opposite  points  of  the  winding,  an  alternating 
current  would  be  obtained  in  a  circuit  connected  to  If,  d'. 
If  the  machine  be  equipped  with  both  commutator  and  col- 
lector  rings,  the  armature  may  be  revolved  by  means  of 


Fig.  1576. 

direct  current  led  in  at  the  brushes  a,  a\  thus  running  it  as 
a  motor  instead  of  it  being  driven  by  a  belt.  The  con- 
ductors on  the  revolving  armature  will  be  cutting  lines  of 
force  just  as  much  as  they  were  when  the  machine  was 
driven  by  a  belt,  therefore  an  alternating  current  will  be 
obtained  from  the  rings  d,  b' .  In  other  words,  the  machine 
acts  as  a  transformer,  changing  the  direct  current  into  a 
single-phase    alternating    current.       If    the    operation    be 
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reversed  and  the  machine  be  run  as  a  synchronous  alterna- 
ting-current motor,  the  alternating  current  will  be  trans- 
formed to  direct. 

4051.  In  the  above  single-phase  rotary  transformer,  it 
is  evident  that  the  maximum  value  of  the  alternating 
E.  M.  F.  occurs  when  the  points  1,  1'  to  which  the  rings  are 
connected  are  directly  under  the  brushes  a,  a'  \  that  is,  the 
maximum  value  of  the  alternating  E.  M.  F.  is  equal  to 
the  continuous  E.  M,  F.  For  example,  if  the  continuous 
E,  M.  F.  were  100  volts,  the  effective  volts  on  the  alternating- 
current  side  would  be  —-=  =  70.7  volts.     Therefore,  if  E  is 

i/2 

the  alternating  voltage  and  V  the  direct,  we  may  write  for 
a  single-phase  rotary  transformer, 

^  =  .707  V.  (660.) 


TTVO-PHASE  TRANSFORMERS. 

4052.     By    connecting    four   equidistant    points  of  the 


Fig.  15' 


winding  h,  c,  d,  and  e,  Fig.  1577,  to  four  collector  rings,  we 
would  have  a   two-pole  two-phase,  or  quarter-phase,  trans- 
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former.  In  this  case  we  would  have  two  pairs  of  lines  lead- 
ing from  the  brushes  i,  1',  2,  2'.  The  E.  M.  F.  between 
1  and  1'  or  between  2  and  2'  would  be  given  by  formula 
660. 


THREE-PHASE   TRANSFORMERS. 

4053.  By  connecting  three  equidistant  points  as  shown 
at  b,  c,  and  d,  in  Fig.  1578,  a  three-phase  transformer  is 
obtained.     Since  all  direct-current  armatures  have  closed- 


FlG.  1578. 

circuit  windings,  it  follows  that  the  connections  on  the 
alternating-current  side  of  a  three-phase  rotary  transformer 
are  always  A,  the  Y  connection  not  being  possible.  If  E  be 
the  effective  voltage  between  the  'lines  on  the  alternating 
side  of  a  three-phase  rotary  transformer  and  Kthe  voltage 
of  the  continuous-current  side, 

E=.Ql%V,  (661.) 

If  such  a  transformer  were  supplied  with  direct  current  at 
100  volts  pressure,  alternating  current  at  G1.2  volts  would 
be  obtained ;  and  if  it  were  desired  to  obtain  100  volts  direct 
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current  from  alternating,  the  alternating  side  would  have  to 

be  supplied  at  a  pressure  of  G1.2  volts. 

The  proof  of  the  above  relation  is  as  follows: 

Suppose  the  closed-circuit  winding  of  a  two-pole  rotary 

transformer  is  represented  in  Fig.  1579. 


Fig.  1579. 

The  E.  M.  F.  E  obtained  across  the  diameter  of  the  wind- 
ing would  be  the  continuous  E.  M.  F.  of  the  machine.  It 
would  also  be  the  maximum  alternating  E.  M.  F.  for  a  single- 
phase  rotary  transformer.  For  a  three-phase  rotary,  the 
winding  would  be  tapped  at  three  equidistant  points,  a,  b, 
and  c,  and  the  maximum  values  of  the  alternating  E.  M.  F. 
between  the  three  collector  rings  would  be  represented  by 
the  three  lines  a  b,  be,  and  c  a.  To  obtain  the  value  of  this 
E.  M.  F.  in  terms  of  the  continuous  E.  M.  F.,  from  the 
center  ^draw  the  line  de  perpendicular  to  ab. 

Then  the  angle  ade  —  60°. 

ae  z=\E^\n  60°, 
ab='lae  =  Es\n  60°. 

ab  ■=■  maximum    E.   M.   F.    of   alternating-current   side   of 
machine.     Then  the 


effective  E.  M.  F. 


B  =  .707^  sin  60° 
=  .707  X  .866  X  E 
=  .612  E. 


That  is,  the  E.  M.  F.  obtained  from  the  three-phase  side  is 
.612  times  that  supplied  to  the  direct-current  side. 
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RATIOS  OF    THAXSFOHMATIOX   OF  E.  M.  F. 

4054.     Rotary  transformers  are  nearly  always  used  to 
transform  from  alternating  to  direct  current.     The  machine 
runs  as  a  synchronous  motor  at  constant  speed,  and  in  order 
to  vary  the  direct  E.  M.  F.,  it  is  usually  necessary  to  change 
the  alternating  E.  M.  F.     The  E.  M.  F.  of  the  direct-cur- 
rent side  may  be  varied  through  a  slight  range  by  changing 
the  field  excitation,  but  the  usual  practice  is  to  use  voltage 
regulators  in  the  alternating-current  side,  because  changing 
the  field  strength  from  its  proper  value  will  throw  the  pri- 
mary current  and  E.  M.  F.  out  of  phase  and  lower  the  power 
factor  of  the  system.     If  other  ratios  of  transformation  than 
those  given  above  were  required,  it  would  not  be  possible 
to  use  an  armature  with  a  single  winding  for  both  alterna- 
ting and  direct  current  sides  of  the  machine.     In  such  cases 
it  would  be  necessary  to  use  either  a  machine  with  two  dis- 
tinct armature  windings  or  else  a  motor-generator  set.     It 
is,    however,    usually   possible    to   get   any   desired   direct 
E.  M.  F.  from  alternating  by  transforming  the  alternating 
current  to  such  a  voltage  that  when  delivered  to  the  rotary 
transformer,  it  will  be  changed   to  direct   current  of   the 
desired   pressure.      For  example,  suppose  it  were  desired  to 
transform  alternating  current  at  2,000  volts  to  direct  cur- 
rent at  500  volts,  suitable  for  operating  a  street  railway. 
We  will  suppose  that  a  three-phase  rotary  transformer  is 
employed.     Then  it  follows  from   formula  661    that  the 
alternating  current  must  be  supplied  to  the  machine  at  a 
pressure  of  11=  .612  F=  .612  X  500  =  306  volts.     The  alter- 
nating current  would,  therefore,  be  first  sent  through  static 
transformers  so  wound  as  to  reduce  the  pressure  from  2,000 
to  306  volts,  and  the  secondary  coils  of  these  transformers 
would  be  connected  to  the  alternating-current  side  of  the 
rotary. 

MULTIPOLAR  ROTARY  TR AKSFORMBRS. 

4055.  The  windings  shown  in  Figs.  1576,  i:.;;,  and 
157S  show  the  connections  for  two-pole  machines;  but 
rotary  transformers  are  nearly  always  made  multipolar  in 
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order  to  reduce  the  speed  of  rotation.  In  the  single-phase 
machine  shown  in  Fig.  157G,  it  was  necessary  to  have  only- 
one  connection  to  each  ring;  in  a  multipolar  machine  it  is 
necessary  to  have  as  many  connections  to  each  ring  as  there 
are  pairs  of  poles  on  the  machine.  Fig.  1580'  shows  the  con- 
nections for  a  six-pole  single-phase  rotary.  Here  the  ring  1 
is  connected  to  the  points^,  h,  and/",  while  2  is  connected 
at  Cy  dy  and  e,  these  points  being  the  equivalent  of  180°  apart. 


Fig.  1580. 


If  only  two  connections  were  made,  as  in  Fig.  1576,  the  whole 
of  the  winding  would  not  be  utilized.  Fig.  1581  represents 
the  same  armature  connected  up  as  a  three-phase  rotary. 
Here  each  of  the  three  rings  has  three  connections  as  before, 
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and  these  connections  are  the  equivalent  of  120°  apart.  For 
example,  the  angular  distance  from  k  to  i?  is  ^  the  distance 
from  north  pole  to  north  pole,  which  represents  360  degrees. 
Such  a  winding  would,  therefore,  have  the  three  connections 


PIO.  1681. 


c,  d,  e  for  ring  l\f,g,  h  for  ring  2\  and  k,  /,  m  for  ring  5, 
there  being  as  many  connections  for  each  ring  as  there  are 
pairs  of  poles. 


4056.  Fig,  1582  shows  the  construction  of  a  modern 
three-phase  rotary  transformer.  The  three  collector  rings 
are  seen  at  the  left-hand  end  of  the  machine,  and  the  com- 


2734    ALTERNATING-CURRENT  APPARATUS, 
mutator  is  shown  at  the  right.      Like  alternators,   rotary 


Fig.  1582. 


transformers  are   built   for   a  large   range  of  output    and 
frequency. 


DESIGN  OF  ALTERNATING- 
CURRENT  APPARATUS. 


ALTERNATORS. 

4057.  The  design  of  alternators  is  in  many  respects 
similar  to  that  of  multipolar  continuous-current  machines, 
many  of  the  parts  being  very  similar.  For  example,  the 
method  of  calculating  the  field  ampere-turns,  and  the  design 
of  the  field  in  general,  is  much  the  same  in  these  two  classes 
of  machines.  A  great  many  of  the  mechanical  details  are  also 
similar,  and  much  of  what  has  already  been  given  as  apply- 
ing to  continuous-current  machines  applies  also  to  alternators. 

4058.  Some  of  the  calculations  connected  with  the 
design  of  alternators  are,  however,  not  so  easily  made  as 
for  direct-current  machines,  and  the  production  of  a  good 
design  depends  largely  upon  the  skill  and  previous  experience 
of  the  designer.  For  example,  there  is  a  large  variety  of 
armature  windings  to  select  from,  and  the  designer  has  to 
decide  which  winding  is  best  adapted  for  the  work  which  the 
alternator  has  to  do.  Such  calculations  as  the  estimation  of 
armature  inductance,  armature  reaction,  etc.,  are  difficult 
to  make  without  having  had  previous  experience  with 
machines  of  the  same  type  as  that  being  designed.  The 
quantities  are,  in  general,  easily  determined  after  the  machine 
has  been  built,  but  their  previous  calculation  is  difficult. 
For  this  reason  the  design  of  alternators  is,  on  the  whole, 
more  empirical  than  that  of  continuous-current  machines. 
There  is  also  a  greater  choice  as  to  the  mechanical  arrange- 
ment of  the  different  parts,  since  either  the  field  or  armature 
may  be  the  revolving  member. 

For  notice  of  copyright,  see  page  immediately  following  the  title  page. 
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LIMITATION  OF  OUTPUT. 

4059.  The  output  of  an  alternator,  like  that  of  a  direct- 
current  machine,  is  limited  by  the  heating  of  the  armature. 
This  heating  is  due  to  two  causes,  namely,  the  C^R  loss  in 
the  armature  conductors,  and  the  core  loss  due  to  the 
hysteresis  and  eddy-current  losses  in  the  mass  of  iron  con- 
stituting the  armature  core.  Both  these  losses  appear  in 
the  form  of  heat,  and  cause  the  armature  as  a  whole  to  rise 
in  temperature.  Since  the  maximum  temperature  at  which 
an  armature  can  be  run  with  safety  is  limited  by  the  tem- 
perature to  which  the  insulating  material  may  be  subjected 
continuously  without  injury,  it  follows  that  this  heating 
effect  is  an  important  factor  limiting  the  output  of  the 
machine. 

4060.  The  output  may  in  some  cases  be  limited  by  the 
self-induction  of  the  armature.  If  the  inductance  of  the 
armature  is  very  high,  a  considerable  part  of  the  E.  M.  F. 
generated  may  be  used  to  force  the  current  through  the 
armature  itself,  thus  reducing  at  the  terminals  of  the  machine 
the  E.  M.  F.  available  for  use  in  the  external  circuit.  In 
other  words,  if  an  alternator  having  an  armature  with  high 
self-inductance  is  run  with  a  constant  field  excitation,  the 
voltage  between  the  collector  rings  will  fall  off  as  the  load  is 
applied,  and  if  the  inductance  is  excessive,  it  may  result  in  a 
limitation  of  the  output  of  the  machine.  Usually  the  limit- 
ing current  output  is  reached  in  well-designed  machines 
before  the  self-induction  has  cut  down  the  voltage  very 
largely,  so  that,  in  general,  the  heating  effect  may  be  looked 
upon  as  the  most  important  item  limiting  the  output.  The 
drop  due  to  inductance  is  usually  compensated  for  by 
strengthening  the  field,  so  that  a  higher  E.  M.  F.  is  generated 
in  the  armature  and  the  terminal  E.  M.  F.  kept  constant. 

4061.  One  effect  which  in  many  cases  limits  the  output 
of  continuous-current  machines  is  sparking  at  the  com- 
mutator, and  it  was  shown,  in  connection  with  continuous- 
current   dynamo  design,    that  this  sparking  is  largely  due 
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to  the  reaction  of  the  armature  currents  on  the  field.  Arma- 
ture reaction  is  also  present  in  alternators,  but  its  effects 
are  not  nearly  so  important  as  in  continuous-current 
machines,  since  an  alternator  has  no  commutator,  and  con- 
sequently is  not  subject  to  the  difficulties  arising  from  spark- 
ing which  are  often  found  in  continuous-current  machines 
having  weak  fields  and  large  armature  reaction.  The  effects 
of  armature  reaction  in  alternators  will  be  taken  up  later,  but 
from  the  above  it  will  be  seen  that  this  reaction  does  not 
affect  the  action  of  the  machine  sufficiently  to  be  considered 
as  a  factor  limiting  the  output. 

4062.  From  the  preceding  it  may  be  concluded  that  by 
far  the  most  important  limiting  factor  is  the  heating  of  the 
armature  due  to  the  C*  R  losses  and  core  losses.  In  design- 
ing machines,  therefore,  we  will  look  upon  these  losses  as 
the  limiting  factors,  and  will  make  the  armature  sufficiently 
large  to  present  enough  radiating  surface  to  get  rid  of  the 
above  losses  without  an  undue  rise  in  temperature. 


HEATING   OF   ALTERNATOR    ARMATURES. 

4063*  The  final  temperature  which  an  armature  attains 
when  carrying  its  normal  load  depends  not  only  on  the 
actual  amount  of  energy  wasted  in  the  armature  and  which 
appears  in  the  form  of  heat,  but  also  on  the  readiness  with 
which  the  armature  can  get  rid  of  this  heat  to  the  surround- 
ing air.  The  armature  will  always  keep  on  increasing  in 
temperature  until  it  reaches  a  point  where  it  radiates  the 
heat  to  the  air  as  fast  as  it  is  generated.  The  rise  in  tem- 
perature necessary  to  accomplish  this  will  evidently  depend 
largely  upon  the  construction  of  the  armature.  A  well- 
ventilated  armature  will  get  rid  of  more  heat  per  degree  rise 
than  a  poorly  ventilated  one,  hence  every  effort  should  be 
made,  in  designing  an  armature,  to  arrange  it  so  that  the  air 
can  circulate  freely  around  the  core  and  conductors.  This 
is  best  done  by  mounting  the  armature  disks  on  an  open 
spider,  and  providing  air-ducts  through  the  iron  core,  which 
allow  a  circulation  of  air  when  the  machine  is  running.     By 
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adopting  this  construction,  makers  have  been  able  to  reduce 
the  size  of  armature  for  a  given  output  compared  with  the 
size  required  for  the  same  output  when  the  older  style  with 
surface  windings  and  unventilated  core  was  used.  The  heat 
loss  due  to  hysteresis  and  eddy  currents  in  the  core  is  about 
the  same,  whether  the  machine  is  loaded  or  not.  Suppose 
an  alternator  to  be  run  on  open  circuit  with  its  field  fully 
excited.  There  will  be  no  loss  in  the  armature  conductors, 
because  the  machine  is  furnishing  no  current.  The  mass  of 
iron  in  the  core  is,  however,  revolving  through  a  magnetic 
field,  and  there  will  consequently  be  a  hysteresis  loss  in  the 
iron,  and  eddy  currents  will  be  set  up  in  the  armature  disks. 
These  will  cause  the  armature  to  heat  up  until  the  rise  in 
temperature  is  sufficient  to  radiate  these  core  losses.  When 
the  machine  is  loaded,  we  have,  in  addition  to  the  above,  the 
heat  loss  in  the  conductors  due  to  the  current  which  is  now 
flowing.  The  result  is  that  the  armature  increases  further 
in  temperature  until  it  reaches  a  final  temperature  which 
allows  the  armature  to  get  rid  of  all  the  heat  generated  in 
it.  If  the  armature  is  overloaded,  the  (T'i?  loss  becomes 
excessive,  and  a  point  is  soon  reached  where  it  becomes  unsafe 
to  load  the  machine  further. 

4064.  What  was  said  regarding  the  safe  heating  limit 
of  the  insulating  materials  used  in  the  construction  of  con- 
tinuous-current armatures  applies  also  to  armatures  for 
alternators.  There  is  no  good  reason  why  an  alternator 
armature  should  be  worked  at  a  higher  temperature  than 
that  of  a  direct-current  machine,  although  in  many  alterna- 
tors, especially  some  of  the  older  styles,  the  limit  is  much 
higher.  In  modern  machines,  however,  the  rise  of  tempera- 
ture is  very  little,  if  any,  higher  than  in  continuous-current 
machines  of  corresponding  output  and  speed.  The  final  tem- 
perature when  running  fiilly  loaded  should  not  exceed  170°  F. 

4065.  The  total  temperature  which  the  armature 
attains  when  fully  loaded  depends  upon  the  temperature  of 
the  surrounding  air.      It  is  not  safe   to   count  on   less  than 
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90°  F.  for  the  average  temperature  of  the  surrounding  air, 
because  the  air  in  dynamo  rooms  in  summer  often  goes  far 
above  this.  A  fair  rise  in  temperature  may  therefore  be 
taken  as  70°  to  80°  F.,  or  from  40°  to  45°  C.  These  are  the 
ordinary  values  used  in  rating  machines,  and  if  an  alterna- 
tor will  deliver  its  full  load  continuously,  with  a  rise  in 
temperature  not  exceeding  the  above,  it  should  be  perfectly 
safe,  as  far  as  danger  from  overheating  goes.  The  rise  in 
temperature  of  the  field  coils  is  generally  not  quite  as  high 
as  that  of  the  armature,  but  it  must  be  remembered  that 
while  the  outside  layers  of  the  coils  may  be  comparatively 
cool,  the  inner  turns  may  be  quite  hot,  and  it  is  the  greatest 
temperature  which  any  part  of  the  coils  attains  which  must 
be  taken  into  account. 


RELATION    BETWEEN  C  R   LOSS  AND  OUTPUT. 
4066.      Tne   C  R   loss  in  an   armature    at    full    load 
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usually  bears  a  certain  ratio  to  the  output  of  the  machine. 
An  alternator  with  an  excessive  C*  R\oss  in   the  armature 
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conductors  would  have  a  low  efficiency.  It  is  therefore 
important  that  the  armature  be  so  designed  that  the  heat 
loss  in  the  winding  shall  not  exceed  a  certain  proportionate 
amount  of  the  total  output.  This  loss  can  be  decreased  by 
decreasing  the  resistance  of  the  armature  winding.  The 
resistance  can  be  decreased  by  either  shortening  the  length 
of  wire  on  the  armature  or  by  increasing  its  cross-section. 
A  certain  length  of  active  conductor  is  necessary  for  the 
generation  of  the  E.  M.  F.  ;  hence,  to  keep  down  the  C^  R 
loss,  we  must  use  an  armature  conductor  of  large  cross- 
section.  The  size  of  conductor,  if  increased  too  much,  calls 
for  a  large  armature  for  its  accommodation,  and  the  machine 
is  thus  rendered  bulky  and  expensive.  All  that  can  be  done, 
therefore,  is  to  design  the  armature  winding  so  that  the  heat 
loss  will  be  as  small  as  is  consistent  with  economy  of  con- 
struction. Older  types  of  alternators  had  a  large  armature 
C  R  loss,  but  the  curve  drawn  in  Fig.  1583  may  be  taken 
as  giving  the  average  loss  for  ordinary  alternators.  The 
abscissas  of  this  curve  give  the  output  in  K.  W. ,  and  the 
ordinates,  the  C  R  loss  in  per  cent,  of  the  output.  It  will 
be  understood  that  the  loss  in  individual  machines  might 
vary  somewhat  from  the  values  shown,  but  the  curve  shows 
the  average  relation  for  machines  where  the  C"^  R  armature 
loss  is  not  excessive.  It  will  be  noticed  that  this  loss  is  a 
much  larger  percentage  for  small  machines  than  for  large 
ones.  For  machines  over  100  K.  W.;  the  percentage  loss 
does  not  decrease  much  with  increased  output. 


CORE  LOSSES. 

4067.  The  core  losses  have  already  been  mentioned  as 
one  of  the  causes  producing  heat  in  the  armature.  These 
losses  are  present  also  in  continuous-current  armatures,  but 
their  effects  are  usually  much  less  than  in  alternators.  In 
some  alternators  the  core  losses  are  nearly  if  not  quite  as 
great  as  the  C^  R  loss,  and  consequently  the  no-load  rise  in 
temperature  may  be  considerable. 
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HYSTERESIS  LOSS. 

4068.  The  hysteresis  loss  constitutes  the  most  impor- 
tant part  of  the  core  losses.  This  loss  is  caused  by  the 
resistance  which  the  iron  offers  to  the  changes  in  magnet- 
ism, and  it  is  due  to  a  kind  of  molecular  friction  in  the  iron. 
This  loss  plays  an  important  part  in  the  design  of  alternating- 
current  apparatus,  hence  it  will  be  well  to  see  upon  what 
quantities  it  depends.  Whenever  the  magnetism  in  a  given 
mass  of  iron  is  carried  through  a  cycle  of  values,  as  it  is 
when  rotated  past  the  poles  of  an  alternator,  a  certain 
amount  of  energy  is  lost.  In  order  to  produce  this  loss  the 
magnetism  must  be  varying.  In  case  the  magnetism  is 
constant,  there  is  no  hysteresis  loss.  There  is  no  hysteresis 
loss,  for  example,  in  the  field-magnet  of  a  dynamo,  because 
the  flux  through  the  magnet  does  not  change  in  direction, 
while  in  the  armature  the  magnetism  is  constantly  chan- 
ging in  direction,  due  to  the  rotation.  The  number  of  times 
per  second  which  the  magnetism  is  reversed  will  depend 
on  the  speed  of  the  machine  and  the  number  of  poles  with 
which  it  is  provided.  In  an  alternator  the  magnetism 
passes  through/  X  s  cycles  per  second  where/  is  the  num- 
ber of  pairs  of  poles  on  the  machine  and  s  the  revolutions 
per  second.  Steinmetz  investigated  this  hysteresis  loss,  and 
found  that  f/ie  loss  per  unit  volume  per-cycle  is  proportional 
to  the  1.6  th  power  of  the  maximum  magnetic  density  at  ivhich 
the  iron  is  worked.  The  loss  per  unit  volume  per  cycle  may 
then  be  expressed  as  a  constant  times  B'  *  The  total  loss 
for  a  given  mass  of  iron  at  a  given  frequency  n  is  propor- 
tional also  to  the  volume  and  to  the  frequency.  Hence  we 
may  write 

where 

X'  =  a   constant   depending  upon    the  magnetic  qualities 

of  the  iron  under  consideration ; 
V=  volume  of  iron  in  cubic  centimeters; 
B  =  magnetic   density  (maximum)  at  which   the  irt)n  is 
worked; 
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n    =  number   of  cycles  through   which   the  magnetism  is 

carried  per  second ; 
lVn=  energy  (in  watts)  expended  in  hysteresis. 

The  constant  10\  or  10,000,000,  is  used  to  reduce  the  ergs 
per  second  given  by  the  numerator,  to  watts.  The  value  of 
the  constant  k  varies  considerably  with  different  kinds  of 
iron.      For  very  soft  transformer  iron  it  may  be  from  .0020 


Magnetic  density  B  {lines per  sq.  inch) 

Fig.  1584. 


to  .0025.  Steinmetz  gives  .0033  as  a  fair  value  for  armature 
iron.  The  formula  given  is  not  in  convenient  form  for 
use  in   designing,   but  it  shows  upon   what   quantities    the 
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hysteresis  loss  depends.  The  curve  A,  Fig.  1584,  shows 
the  relation  between  the  maximum  magnetic  density  B  and 
the  hysteresis  loss  in  watts  per  cubic  inch  per  one  hundred 
cycles  for  a  good  quality  of  soft  transformer  iron.  The 
upper  curve  B  shows  the  same  relation  for  ordinary  arma- 
ture iron  of  good  quality. 

In  order  to  obtain  the  total  hysteresis  loss  in  watts  for  a 
given  mass  of  iron,  imiltiply  the  value  given  by  the  curve  cor- 
responding to  the  maximum  density  at  which  the  iron  is 
zvorked  by  the  volume  in  cubic  inches  and  the  frequency,  and 
divide  the  result  by  100. 

Example. — The  armature  core  of  an  alternator  having  12  poles  and 
running  at  a  speed  of  600  rev.  per  min.  is  worked  at  a  maximum  mag- 
netic density  of  20,000  lines  per  square  inch.  If  the  volume  of  the 
core  is  2,000  cubic  inches,  how  many  watts  will  be  wasted  in  hysteresis  ? 

Solution. — If  the  machine  runs  at  600  rev.  per  min!  and  has  12  poles, 
the  frequency  of  the  magnetic  cycles  in  the  armature  core  must  be 
"ViT  X  V,  or  60  cycles  per  second. 

By  referring  to  curve  B,  Fig.  1584,  we  find  the  loss  per  cubic  inch 
per  100  cycles  corresponding  to  a  density  of  20,000  to  be  about  .19  watt. 
Hence  the  total  loss  will  be 

„.        .19x2.000x60      „-„       .^         . 

Wu  = -r— =  228  watts.     Ans. 

100 

4069.  The  student  will  see  by  examining  formula  662 
that  the  hysteresis  loss,  other  things  being  equal,  increases 
directly  with  the  frequency.  It  is  on  this  account  that  the 
hysteresis  loss  is  usually  greater  in  alternator  armatures  than 
in  those  used  ior  direct-current  machines,  because  the  fre- 
quency of  the  former  is  usually  much  higher  than  that  of 
the  latter.  Special  care  should  therefore  be  taken  in  the 
selection  of  core  iron  for  all  kinds  of  alternating-current 
apparatus.  It  will  also  be  noticed  that  the  hysteresis  loss, 
being  proportional  to  the  1.6th  power  of  the  magnetic 
density,  will  increase  quite  rapidly  as  the  density  is  in- 
creased. It  follows,  therefore,  that  the  core  densities  used 
should  be  low,  otherwise  the  hysteresis  loss  may  become 
excessive.  It  is  usual  to  employ  lower  core  densities  in 
alternating-current     machines   than    in  continuous-current 
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machines,  because  the  frequency  is  usually  fixed  by  the  con- 
ditions under  which  the  machine  has  to  work,  and  a  low  den- 
sity is  therefore  necessary  to  keep  down  the  hysteresis  loss. 


EDDY-CURRENT  LOSS. 

4070.  The  other  core  loss  mentioned  above,  namely, 
that  due  to  eddy  currents,  is  not  usually  very  large,  pro- 
vided proper  care  is  taken  in  building  up  the  armature  core. 
This  loss  is  due  to  local  currents  circulating  in  the  armature 
disks,  and  the  eddy-current  loss  is  really  a.  C^  R  loss  caused 
by  the  resistance  offered  to  these  currents  by  the  iron  con- 
stituting the  core.  If  the  core  is  thoroughly  laminated,  the 
paths  in  which  these  currents  flow  are  so  split  up  that  the 
currents  are  confined  to  the  individual  armature  disks. 
This  keeps  down  the  volume  of  the  eddy  currents,  and  if  the 
disks  are  well  insulated  and  made  of  thin  iron,  the  eddy- 
current  loss  may  be  made  very  small.  Anything  which 
makes  electrical  connection  between  the  disks  may  largely 
increase  this  loss.  For  example,  filing  out  the  slots,  or 
burring  over  the  disks,  or  passing  uninsulated  clamping 
bolts  through  the  core  may  result  in  an  increased  loss.  It 
is  well,  therefore,  to  avoid  filing  or  milling  the  slots  unless 
it  is  absolutely  necessary  to  render  them  smooth  enough  to 
receive  the  insulating  troughs  and  armature  conductors. 
The  eddy-current  loss  is  proportional  to  the  square  of  the 
frequency,  other  things  being  equal,  hence  it  is  usually 
greater  in  alternators  than  in  direct-current  machines.  If 
proper  precautions  are  taken  in  building  up  the  core,  the 
eddy-current  loss  should  be  small  compared  with  the  C^  R 
and  hysteresis  losses.  It  is  difficult  to  calculate  this  loss 
beforehand,  on  account  of  the  large  variations  caused  in  it 
by  defects  in  the  insulation  of  the  core  disks  from  each  other. 


RADIATING    SURFACE    OF    ARMATURE. 
4071.     The  armature  has  to  present  sufficient  radiating 
surface  to  get  rid  of  the  heat  dissipated  without  a  rise  in 
temperature  exceeding,  say,  40°  or  50°  C.     This  means  that 
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the  size  of  the  armature  will,  for  a  given  output  and  given 
amount  of  loss,  depend  upon  the  ease  with  which  it  can 
radiate  the  heat.  The  number  of  watts  which  an  armature 
can  radiate  per  square  inch  of  surface  per  degree  rise  in 
temperature  varies  greatly  with  the  style  and  construction 
of  the  armature  and  the  peripheral  speed  at  which  the  arma- 
ture is  run,  so  that  it  is  not  possible  to  give  any  values  for 
this  radiation  constant  which  will  be  applicable  to  all  styles 
of  armatures.  A  modern  well-ventilated  iron-clad  armature 
should  be  able  to  radiate  from  .04  to  ,06  watt  per  square 
inch  of  cylindrical  surface  (circumference  of  iron  core  X 
length  parallel  to  shaft)  per  degree  rise.  These  values  are 
for  machines  running  at  peripheral  speeds  from  4,000  to  5,000 
feet  per  minute;  if  the  peripheral  speed  were  higher,  the 
watts  radiated  per  square  inch  per  degree  rise  would  be 
correspondingly  increased.  This  means,  then,  assuming 
40°  C.  to  be  the  allowable  rise,  that  a  well-ventilated  arma- 
ture of  the  above  type  should  be  capable  of  radiating  from 
1.6  to  2.4  watts  per  square  inch  of  cylindrical  surface.  In 
well-designed  machines,  the  sum  of  the  hysteresis  and  eddy- 
current  losses  will  not,  as  a  rule,  be  greater  than  the  C  R 
loss,  so  that  we  will,  in  general,  be  safe  in  assuming  that  an 
allowance  of  .8  to  1.2  square  inches  of  surface  for  each  watt 
O  R  loss  will  give  an  armature  of  sufficient  radiating  surface 
to  keep  the  total  rise  in  temperature  due  to  all  the  losses 
from  exceeding  40°  C.  This  will  give  a  preliminary  value 
for  the  surface  of  the  armature  on  which  to  base  subsequent 
calculations,  bearing  in  mind  that  the  dimensions  so  obtained 
are  not  necessarily  final,  and  may  be  modified  as  the  design 
is  worked  out  further,  provided  always  that  the  armature  is 
made  of  such  dimensions  that  it  will  be  able  to  get  rid  of  the 
heat  generated.  Machines  have  been  built  in  which  the 
surface  per  watt  is  less  than  that  given  above,  but  it  will 
usually  be  found  that  such  machines  run  very  hot  when 
fully  loaded  unless  their  peripheral  speed  is  very  high. 
Alternator  armatures  of  the  iron-clad  type  can  usually  be 
constructed  so  as  to  secure  good  ventilation,  especially  if 
they  are  of  fairly   large  diameter,   so  there  should   be  no 
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difficulty  in  radiating  the  amount  of  heat  given  above.  The 
watts  per  square  inch  as  given  are  referred  to  the  outside 
cylindrical  surface;  of  course  the  ends  of  the  core,  and  to  a 
certain  extent  the  inside  also,  help  to  radiate  the  heat,  but 
it  is  more  convenient  for  purposes  of  calculation  to  refer  the 
watts  radiated  per  square  inch  to  the  outside  core  surface 
rather  than  to  the  surface  of  the  armature  as  a  whole. 


ARMATURE    REACTIOIV. 

4072.  Armature  reaction,  in  connection  with  alterna- 
tors, has  already  been  mentioned  in  a  general  way,  and  it  now 
remains  to  be  seen  just  how  it  affects  the  action  of  a  machine 
when  loaded.  The  matter  of  armature  reaction  plays  an 
important  part  in  the  design  of  continuous-current  machines, 
as  has  already  been  shown  in  the  section  on  the  design  of 
such  dynamos.  If  the  armature  of  a  continuous-current 
machine  is  capable  of  overpowering  the  field,  bad  sparking 
will  result  at  the  commutator.  This,  however,  can  not  occur 
in  the  case  of  an  alternator,  as  mentioned  in  Art.  4061, 
and  the  only  bad  effect  which  the  reaction  can  have  is  to 
cause  a  weakening  and  distortion  of  the  field.  Its  effects 
are  not  nearly  of  so  much  importance,  and  consequently 
do  not  need  to  be  investigated  so  fully. 

4073.  Let  A^,  Fig.  1585,  represent  one  of  the  north  poles 
of  an  alternator,  surrounded  by  its  magnetizing  coil  a.     The 

lines  of  force  will  flow  into  the 
armature  from  the  pole-piece  as 
indicated  by  the  lines  and  arrow- 
heads. We  will  consider  the 
instant  when  the  coil  c  c'  has  its 
opening  directly  under  the  pole, 
or  when  the  center  of  the 
tooth  b  is  opposite  the  center 
of  the  pole-piece.  If  the  arma- 
ture has  no  self-induction,  the 
current  flowing  through  the 
Fig.  1585.  armature  will  be  in  phase  with 
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the  E.  M.  F.  generated;  consequently,  at  the  position 
shown  in  the  figure,  the  current  in  the  coil  will  be  zero, 
because  the  coil  is  cutting  no  lines  of  force,  and  the  E.  M.  F. 
generated  is  consequently  zero.  It  follows,  then,  that 
under  this  particular  set  of  conditions 
the  armature  coil  has  no  disturbing 
effect  upon  the  lines  of  force  set  up  by 
the  field.  The  direction  of  rotation  is 
indicated  by  the  arrow,  and  a  moment 
later  the  bundle  of  conductors  in  the 
slot  c  is  under  the  center  of  the  pole,  as 
shown  in  Fig.  1586.  The  current  in  the 
conductors  will  now  be  at  its  maximum 
value,   because  the  E.   M.    F.   generated  fig.  isse. 

is  at  its  maximum.  The  current  will  be  flowing  down 
through  the  plane  of  the  paper,  and  the  bundle  of  conduct- 
ors lying  in  the  slot  will  tend  to  set  up  lines  of  force  around 
themselves  as  shown  by  the  dotted  lines  and  in  the  direc- 
tion shown  by  the  arrow-heads.  It 
will  be  noticed  that  this  field  set  up  by 
the  conductors  tends  to  strengthen  the 
right-hand  side  of  the  pole  and  weaken 
the  left-hand  side  by  a  like  amount. 
The  resultant  effect  is  therefore  to 
crowd  the  field  forwards  in  the  direc- 
tion of  rotation,  making  it  denser  at  the 
right-hand  side,  as  shown  in  Fig.  1587. 
It  is  therefore  seen  that  in  this  respect 
the  effect  of  armature  reaction  is  similar  to  the  effect 
observed  in  direct-current  machines;  but  in  an  alternator 
with  coils  as  shown  in  the  above  figures,  the  effect  on 
the  field  is  not  steady,  but  varies  as  the  teeth  move  past 
the  poles.  The  student  should  note  that  in  this  case  the 
armature  is  assumed  to  have  no  self-induction,  and  also  that 
the  armature  reaction  tends  only  to  change  the  distribution 
of  the  field  and  not  to  weaken  it. 

4074.     Armatures  always  have  more  or  less  self-induc- 
tion, especially  if   they  are    provided  with    heavily  wouad 


Fig.  1587. 
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coils  sunk  in  slots.  The  effect  of  this  self-induction  is,  of 
course,  to  cause  the  current  in  the  armature  to  lag  behind 
the  E.  M.  F.  It  is  necessary,  then,  to  see  how  this  lagging 
of  the  current  affects  the  reaction  of  the  armature  on  the 
field.  In  this  case  the  current  in  the  coil  does  not  die  out 
at  the  same  instant  as  the  E.  M.  F.,  but  persists  in  flowing 
after  the  E.  M.  F.  has  become  zero.  The  current,  instead 
of  being  zero  when  the  tooth  is  under  the  pole,  will  then 
be  flowing  as  shown  in  Fig.  1588;    that  is,   the  current  in 

the  conductors  in  slot  c  per- 
sists in  flowing,  as  shown  in 
Fig.  1587,  after  the  conduct- 
ors have  moved  out  from 
under  the  pole-piece.  This 
current  flowing  in  the  arma- 
ture coil  will  set  up  lines  of 
force  through  the  coil  in  the 
direction  shown  by  the  dotted 
arrows,  i.  e.,  directly  opposed 
to  the  original  field.  The 
Fig.  1588.  armature  reaction,  therefore, 

not  only  tends  to  distort  the  field,  but  also  tends  to  weaken 
it  when  there  is  a  lagging  of  the  armature  current  due  to 
self-induction  in  the  armature.  This  reaction  of  the  arma- 
ture on  the  field  would  of  course  cause  a  falling  off  in 
the  voltage  of  the  machine  if  the  field-magnets  were  not 
strengthened  to  counterbalance  its  eft'ects.  It  is  instruc- 
tive to  note  here  that  if  it  were  practicable  to  have  a  con- 
denser in  connection  with  the  armature,  the  current  could  be 
made  to  lead  the  E.  M.  F. ,  and  the  armature  reaction  would 
then  tend  to  magnetize  the  field  instead  of  demagnetize  it. 


4075.  It  is  seen  from  the  above  that  in  alternator 
armatures  in  which  there  is  an  appreciable  amount  of  self- 
induction  present,  we  have  two  effects  similar  to  those  pro- 
duced by  the  cross  ampere-turns  and  back  ampere-turns  of 
a  continuous-current  armature,  the  former  tending  to  dis- 
tort the  field,  and  the  latter  acting  directly  against  it  and 
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tending  to  weaken  it.  The  bad  effects  of  this  reaction  can 
be  reduced,  as  in  the  case  of  direct-current  machines,  by 
lengthening  the  air-gap.  The  actual  amount  of  distortion 
or  demagnetization  is  not  easily  calculated,  as  it  evidently 
changes  with  the  changes  in  the  current,  and  also  depends 
upon  the  armature  inductance,  which  is  itself  difficult  to 
estimate  without  data  from  machines  of  the  same  type. 
The  distribution  of  the  field  can  be  determined  after  the 
machine  has  once  been  built,  and  unless  the  air-gap  is  very 
short,  the  distortion  is  not  sufficient  to  badly  affect  the 
working  of  the  machine. 

4076.  One  effect  of  armature  reaction  is  sometimes 
taken  advantage  of  in  designing  armature  windings,  namely, 
the  crowding  together  of  the  lines  to  one  side  of  the  pole- 
piece.  This  practically  makes  the  effective  width  of  the 
pole  face  less  and  allows  the  use  of  coils  on  the  armature 
with  an  opening  somewhat  less  than  the  width  of  the  pole 
face,  without  danger  of  the  E.  M.  F.'s  in  the  different  turns 
of  the  coil  opposing  each  other.  (See  Art.  3959,  Theory 
of  Alternating-Current  Apparatus.) 


ARMATURE  SELF-IXDUCTION. 

4077.  It  has  just  been  shown  that  the  self-induction  of 

the  armature  is,  indirectly,  responsible  for  the  demagneti- 
zation of  the  field,  which  in  turn  produces  a  falling  off  in 
voltage.  Self-induction  also  calls  for  a  considerable  E.  M.  F. 
to  force  the  current  through  the  armature,  and  this  causes 
a  still  further  diminution  in  the  E.  M.  F.  obtained  at  the 
terminals.  This  drop  in  voltage  has  already  been  explained 
in  the  section  on  Theory  of  Alternating-Current  Apparatus. 
A  machine  with  high  armature  self-induction  will  not  main- 
tain a  constant  terminal  pressure  unless  the  field  is  strength- 
ened as  the  load  is  applied,  and  such  machines  therefore 
require  heavily  compounded  fields. 

4078.  In  general,  armatures  wound  with  a  few  heavy 
coils  bedded  in  slots  have  a  high  self-induction,  because  the 
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coils  are  able  to  set  up  a  large  number  of  lines  around  them- 
selves when  a  current  flows  through  the  armature.  Machines 
with  this  style  of  armature  winding  usually  give  an  E.  M.  F. 
curve  which  is  more  or  less  peaked  and  irregular.  Such 
windings  are  easily  applied  to  the  armature,  and  being  of 
very  simple  construction  they  necessitate  very  few  crossings 
of  the  coils  at  the  ends  where  the  coils  project  from  the  slots. 
Such  armatures  are,  therefore,  easy  to  insulate  for  high 
voltages,  and  are  extensively  used  on  alternators  for  opera- 
ting incandescent  lights. 

4079.  The  inductance  of  an  armature  is,  other  things 
being  the  same,  proportional  to  the  square  of  the  ?iumber  of 
turns  per  coil  or  to  tJie  square  of  the  number  of  conductors 
per  slot.  For  example,  suppose  an  armature  has  6  coils  of 
40  turns  each  and  that  the  inductance  of  each  coil  is  .02 
henry.  The  coils  are  supposed  to  be  connected  in  series,  so 
that  the  total  inductance  of  the  armature  will  be  6  X  .02,  or 
.12  henry.  Suppose,  now,  the  winding  to  be  split  up  into 
12  coils  of  20  turns  each,  the  shape  and  arrangement  of  the 
coils  being  kept  the  same.  We  will  then  have  the  same 
total  number  of  turns  as  before,  but  will  have  half  as  many 
turns  per  coil  or  half  as  many  conductors  per  slot.  The 
inductance  of  each  coil  will  therefore  be  one-fourth  of 
what  it  was  before,  because  the  inductance  will  decrease 
as  the  square  of  the  number  of  turns  per  coil.  The  induct- 
ance per  coil  will  then  be  ^  X  .02,  or  .005  henry,  and  the 
total  inductance  will  be  .005  X  12  =  .060  henry,  or  one- 
half  of  what  it  was  in  the  former  case.  In  order,  then, 
to  decrease  the  inductance  of  an  armature,  the  number  of 
turns  per  coil  must  be  decreased,  or,  what  amounts  to  the 
same  thing,  the  number  of  conductors  per  slot  must  be 
decreased. 

4080.  Alternators  provided  with  armatures  of  low 
inductance  give  a  much  better  E.  M.  F.  regulation  than 
those  having  high  inductance  armatures,  because  the  reac- 
tion on  the  field  is  nojt  only  less,  but  much  less  of  the 
E.   M.    F.    generated   is   used   up   in   driving   the   current 
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through  the  armature.  In  other  words,  such  machines,  if 
provided  with  a  constant  field  excitation,  will  show  only  a 
slight  falling  off  in  terminal  voltage  from  no  load  to  full 
load.  On  this  account,  it  is  quite  common  to  find  such 
machines  built  without  any  compound  or  series  winding  on 
the  fields,  all  the  regulation  necessary  being  accomplished 
by  varying  the  current  supplied  to  the  field  coils  by  the 
exciter.  Such  alternators  give  a  smooth  E.  M.  F.  curve 
which  approximates  closely  to  the  sine  form,  and  alter- 
nators of  this  type  are  being  used  extensively  for  power- 
transmission  purposes. 

4081.  An  excessive  amount  of  armature  inductance, 
and  consequent  demagnetizing  armature  reaction,  has  been 
used  to  make  alternators  regulate  for  constant  current.  In 
such  machines  the  armature  inductance  is  made  very  high, 
and  a  small  air-gap  is  used  between  the  armature  and  field. 
If  the  current  delivered  by  such  a  machine  tends  to  increase 
by  virtue  of  a  lowering  of  the  external  resistance,  the  arma- 
ture reaction  on  the  field  increases,  and  the  field  is  weak- 
ened. This  cuts  down  the  voltage  generated,  so  that  the 
voltage  adjusts  itself  to  changes  in  the  load,  and  the  current 
remains  constant. 

PERIPHERAL  SPEED  OF  ALTERNATOR 
ARMATURES. 

4082.  Alternators  have  been  built  which  run  at  per- 
ipheral speeds  much  higher  than  those  used  for  continuous- 
current  machines.  This  was  the  case  in  many  of  the  older 
types  of  lighting  machines  running  at  a  high  frequency. 
High  peripheral  speeds  were  used  with  these  machines  in 
order  to  keep  down  the  number  of  armature  conductors 
required  for  the  voltage  generated,  and  thus  obtain  low 
armature  inductance.  Since  the  frequencies  employed 
were  high,  the  revolutions  per  minute  of  the  armature  had 
also  to  be  high  in  order  to  avoid  using  a  very  large  number 
of  poles.  This  high  speed  of  rotation  usually  resulted  in 
high  peripheral  speeds  also    because  the  armature  could  not 

ii.  L.    n  .  -42 
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be  made  very  small  in  diameter.  Such  machines  often  ran  at 
peripheral  speeds  as  high  as  7,000  or  8,000  feet  per  minute. 
It  may  be  stated  that,  in  general,  125-cycle  alternators  run 
at  higher  peripheral  speeds  than  low-frequency  machines. 

4083.  The  frequency  of  a  great  many  modern  machines 
is  lower  than  that  which  was  formerly  used,  60  cycles  per 
second  being  a  standard  value.  The  lowering  of  the  fre- 
quency was  accompanied  by  a  lowering  of  the  peripheral 
speed,  and  the  peripheral  speeds  of  modern  alternators  com- 
pare quite  favorably  with  the  speeds  of  multipolar  direct- 
current  machines  of  the  sam.e  output.  Peripheral  speeds  for 
belt-driven  60-cycle  alternators  may  be  taken  from  about 
3,500  to  5,500  feet  per  minute.  The  peripheral  speed  of 
some  of  the  larger  direct-connected  alternators  may  be  even 
lower  than  this,  jvist  as  the  peripheral  speed  of  multipolar 
direct-current  generators  is  usually  lower  than  that  of  belt- 
driven  machines. 


ARMATURE  WINDINGS. 

4084.  The  foregoing  articles  have  dealt  with  different 
subjects  relating  to  the  operation  of  armatures.  We  will 
now  take  up  those  subjects  which  deal  more  particularly 
with  their  design.  Some  of  the  most  important  points  in 
the  design  of  an  armature  are  the  selection  of  the  type  of 
winding  to  be  used  for  a  given  case,  the  method  of  connect- 
ing it  up,  and  the  means  used  for  applying  the  winding  to 
the  armature.  Alternator  windings  have  already  been  dealt 
with  to  some  extent  in  the  section  on  Theory  of  Alternating- 
Current  Apparatus,  but  the  following  articles  are  intended 
to  bring  out  some  points  of  difference  between  concentrated 
and  distributed  windings  which  are  necessary  for  the  design- 
ing of  armatures  for  alternators  and  fields  for  induction 
motors. 

4085.  Alternator  windings  may  be  divided  into  two 
general  classes,  namely: 

A.  Uni-coil  or  concentrated  windings. 

B.  Multi-coil  or  distributed  windings. 
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These  may  further  be  subdivided  into 

1.  Uni-coil  single-phase  windings. 

2.  Multi-coil  single-phase  windings. 

3.  Uni-coil  polyphase  windings. 

4.  Multi-coil  polyphase  windings. 

The  uni-coil  windings  for  single-phase,  two-phase,  and 
three-phase  machines  have  been  treated  in  the  section  on 
Theory  of  Alternating-Current  Apparatus.  We  will  pres- 
ently examine  single-phase  multi-coil  or  distributed  windings 
to  see  how  the  spreading  out  of  the  winding  affects  the 
voltage  generated  by  the  armature. 


SINGLE-PHASE  COXCEXTRATED  WIXDIXG. 

4086.  A  single-phase  concentrated  winding  has  only 
one  slot  or  bunch  of  conductors  under  each  pole;  conse- 
quently the  conductors  are  practically  all  active  at  the  same 
instant,  and  the  maximum  E.  M.  F.  is  obtained  with  a  given 
length  of  active  armature  conductor.  This  E.  M.  F.  is 
given  by  the  formula 

E  =  iii^^^,     (See  formula  617,  Art.  3882.) 

where  7^=  No.  of  turns  connected  in  series  on  the  armature; 
N  =  total  magnetic  flux  from  one  pole ; 
n  =  frequency; 

£  =  E.  M.  F.  generated  in  armature,  or  E.  M.  F.  ob- 
tained between  the  collector  rings  at  no  load. 
Such  windings  have  therefore  the  advantage  of  giving  a 
high  E.  M.  F.  for  a  given  length  of  conductor,  but  they 
have  the  disadvantage  that  they  give  rise  to  high  armature 
self-induction  and  consequent  falling  off  in  terminal  voltage 
when  the  niarhiiie  is  loaded. 


?»l\t;i.K-l>HA8E  DISTRIBUTED  WIXDIXGS. 

4087.  It  was  shown  in  Art.  4079  that  the  self-induc- 
tion could  be  reduced  by  splitting  up  the  coils  and  distribu- 
ting them  over  the  armature.  Such  distribution  is,  however, 
always  accompanied  by  a  lowering  of  the  E.  M.  F.  generated, 
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even  though  the  total  number  of  turns  be  kept  the  same. 
Suppose,  for  example,  we  have  a  single-phase  armature  with 
T  turns,  or  2  7"  conductors,  connected  in  series  and  arranged 
with  only  one  slot  or  bunch  of  conductors  under  each  pole. 
The  E.  M.  F.  generated  will  then  be 

■p  _^A^NTn 

Suppose  now  we  spread  the  winding  out  so  that  there  will 
be  two   sets  of  conductors  or  two  slots  for  each  pole,  and 


Fig.  1589. 
distribute  these  slots  equally  around  the  armature.  We 
will  put  half  as  many  conductors  as  before  in  each  slot,  so  that 
the  total  number  of  conductors  and  turns  will  remain  the 
same  as  before.  This  will  give  us  a  winding  similar  to  that 
shown  in  Fig.  1589.  This  shows  an  8-pole  single-phase 
winding  with  two  slots  per  pole-piece.  By  examining  the 
figure,  it  is  evident  that  with  such  an  arrangement  the  con- 
ductors in  slot  b  are  generating  zero  E.  M.  F.^  while  those 
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in  a  are  generating  their  maximum  E.  M.  F.     Of  the  total 

turns    on    the    armature,    one        ftr ^■ 

half  is  therefore  idle,  while 
the  other  half  is  active.  The 
E.  M.  F.  which  will  be  obtained 
between  the  collector  rings  will 
be  the  sum  of  the  two,  as  shown 
in  Fig.  1590.  Oa  represents 
the  E.  M.  F.  generated  in  one 
set  of  conductors,  while  O  b 
represents  the  E.  M.  F.  gener- 
ated in  the  other.  These  two 
E.  M.  F. 's  will  be  equal,  and  will  be  given  by  the  expression 

(663.) 

The 


Fig.  1590. 


since  there  are  ^  the  total  turns  T  active  in  each  set. 
resultant  E.  M.  ¥.  O  c  will  therefore  be 

^  =  — Yo' — ^  ^^  ^^ — lo^ —  ^  •'"'■         (664.) 

That  is,  the  E.  M.  F.  which  is  obtained  at  no  load  from  a 
two-coil  sitigle-phase  ^vinding  is  .  707  tinicj  that  which  would 
have  been  obtained  with  the  same  total  number  of  turns  grouped 
into  a  uni-coil  zuinding.  By  spreading  out  the  winding  in 
this  way,  the  no-load  voltage  has,  for  the  same  number  of 
active  conductors,  been  reduced  about  30  per  cent. ;  the 
inductance  of  the  armature  has,  however,  been  reduced  to 
one-half  (see  Art,  4079);  so  that,  although  we  may  not  get 
an  armature  which  will  give  as  high  a  voltage  at  no  load, 
it  may  give  as  high  a  terminal  voltage  when  loaded,  and  a 
machine  provided  with  such  a  winding  would  hold  it^  voltage 
more  nearly  constant  throughout  its  range  of  load 

4088.     The  subdivision  of  the  winding  might  be  carried 

still  further,  and  three  slots  for  each  pole-piece  used.     The 

E.  M.  F.'s  in  the  three  sets  of  conductors  would  then  be 

related  as  shown  in  Fig.  1501.     Each  of  the  groups  would 

T 
consist  of  -—  turns,  and  the  three  E.  M.  F.'s  O  a^  O  b^  and  Oc 
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would  be  displaced  G0°  from  each  other,  instead  of  90°,  as 
shown  in  Fig.  1590,  because  there  are  three  groups  of  con- 
ductors per  pole,  and  the  distance  from  center  to  center  of 


4.4:4  NTnt 


E  =  MMfnx.667 


*d 


Fig.  1591. 


the  pole-pieces  corresponds  to  180°. 
in  each  set  will  be 


The  E.  M.  F.  generated 


B,  =  F  =  E,  = 


A.UNTn 
10"* 


(665.) 


and  the  resultant  E.  M.  F.  O  d,  Fig.  1591,  will  be 

^X- T7T15 X#  = ~. -X.GG:.  (666.) 


10'* 


10" 


The  effect  of  spreading  out  the  coils  into  a  three-coil 
winding  is,  therefore,  to  reduce  the  no-load  terminal  E.  M.  F. 
still  further,  and  at  the  same  time  to  reduce  the  self-induc- 
tion. It  will  be  noticed  that  the  difference  in  the  voltages 
given  by  a  two-coil  and  by  a  three-coil  winding  is  not  nearly 
so  great  as  that  between  the  voltages  of  the  two-coil  and 
single-coil  windings.  If  the  winding  is  spread  out  still 
more,  the  E.  M.  F.  generated  is  reduced  by  very  little,  and 
if  the  subdivision  is  carried  out  so  that  the  winding  becomes 


CURRENT   APPARATUS.  2757 

uniformly  distributed  over  the  whole  surface  of  the  armature, 
the  formula  becomes 

E  =  ^-^^^^^'^  X  .  G3G.  (667.) 

4089.  The  more  the  winding  is  spread  out,  the  greater 
the  number  of  crossings  of  the  coils  at  the  ends  of  the  arma- 
ture, making  such  windings  difficult  to  insulate  for  high 
voltages.  Such  windings,  therefore,  have  the  disadvantage 
of  being  more  expensive  to  construct  and  insulate,  in  addition 
to  giving  a  lower  E.  M.  F.  at  no  load  for  a  given  length  of 
active  conductor.  They  have  the  advantage  of  giving  better 
regulation  or  small  drop  in  voltage  when  loaded,  and  also 
give  a  smooth  E.  M.  F.  curve.  For  sin^/e-/>/iase  armatures  in 
general,  we  may  then  write  the  E.  M.  F.  equation  as  follows: 

7^      4.4:4:  NTn       ,  /^^o  X 

h  = —, X  k,  (668.) 

where      T=  total  number  of  turns  connected  in  series  on  the 
armature; 
iV=  total  flux  from  one  pole; 
n  =  frequency; 

k  •=  B.  constant  depending  upon  the  style  of  winding 
used. 

For  a  single-coil  or  concentrated  winding,  k  z=z\. 
For  a  two-coil  winding,  k  =  .707. 

For  a  three-coil  winding,  k=.  .067. 

For  a  uniformly  distributed  winding,         k  =^  .636. 


POLYPHASE   ARMATURE  i;\'i:WDINGS. 

4090.  Concentrated,  or  uni-coil,  polyphase  windings 
have  already  been  described  in  the  section  on  Theory  of 
Alternating-Current  Apparatus.  The  two  and  three  phase 
windings  there  described  consist  of  one  group  of  conduct- 
ors or  one  slot  for  each  pole  and  each  phase.  Polyphase^ 
windings  can,  however,  be  distributed  in  a  manner  similar 
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to  that  just  given  for  single-phase  windings,  and  such  dis- 
tributed windings  are  in  common  use  for  induction  motors, 
polyphase  alternators,  and  polyphase  synchronous  motors. 
The  distribution  of  such  windings  is  accompanied  by  a 
lowering  of  the  terminal  E.  M.  F.,  as  in  the  case  of  single- 
phase  windings,  though  this  decrease  in  the  E.  M.  F.  is  not 
nearly  so  great.  Suppose,  for  example,  we  have  a  three- 
phase  winding  with  two  groups  of  conductors  per  pole  per 
phase.  We  will  have  then  six  groups  of  conductors  for  each 
pole,  and  as  the  distance  from  center  to  center  of  poles  is 
equivalent  to  180°,  the  E,  M.  F.'s  in  the  two  groups  of  each 

180° 
phase  will  differ  in  phase  by  — — ,  or  30°.    Let  the  total  num- 
ber of  turns  per  phase  be  T.     Then  the  number  of  turns  in 

T 
each  of  the  two  sets  constituting  each  phase  will  be—,  and 

the  E,  M.  F.  generated  in  each  of  the  sets  will  be 

These  two  E.  M.  F.'s  will  be  related  as  shown  in  Fig.  1592, 
and  the  resultant  E.  M.  F.  will  be 

=  tii^X.96o.  (669.) 

Hence,  tlie  voltage  generated  per  pJiase  by  a  tzvo-coil  three- 
phase  tvinding  is  .965  times  that  which  would  be getierated by 
a  single-coil  winding.  In  other  words,  the  splitting  up  of 
the  winding  has  resulted  in  a  reduction  of  only  3^^.  If  a 
three-coil  winding  were  used,  the  E.  M.  F.  would  be  reduced 
still  further,  and  if  a  uniformly  distributed  winding  covering 
the  whole  surface  of  the  armature  were  employed,  the  con- 
stant would  become  .95.  If  a  uniformly  distributed  winding 
is  used  on  a  two-phase  machine,  the  value  of  the  constant 
becomes  .90.     For  polyphase  windings  we  may  then  sum- 
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marize  the  following:  The  E.  M.  F.  generated  per  phase  inz. 
polyphase  armature  is  given  by  the  expression 

t  = —, X  /^,  (670.) 

where  T=  number  of  turns  connected  in  series  per  p/tase; 
iV  =.  flux  from  one  pole; 
«  =  frequency ; 

k  =  constant  depending  upon  the  arrangement  of  the 
winding. 

For  a  winding  with  one  group  of  conductors  per 

pole  per  phase,  ^  =  1. 

For  a  two-phase  winding  uniformly  distributed,       k  =  .90. 

For  a  three  phase  winding  uniformly  distributed,  ^  =  .95. 

For  a  three-phase  winding  with    two  groups  of 

conductors  per  pole  per  phase,  k  =  .965. 

The  student  will  notice  particularly  that  formula  670 
gives  the   voltage  per  phase,  not  the  voltage   between  the 


10' 

Pic.  1608. 


collector  rings  or  terminals  of  the  machine.  This  latter 
voltage  will  evidently  depend  upon  the  method  adopted  for 
nnecting  the  different  phases  together. 


CO 


ARRAN'GEMB^VT   OF   WI.%DI.\GS. 

4091.  The  method  of  arranging  these  distributed 
windings  will  be  understood  by  referring  to  Figs.  1593  and 
1594.  Fig.  1593  shows  a  six-pole  two-phase  coil-wound 
armature  with  two  slots  per  pole  per  phase.     The  coils  are 
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shown  by  the  heavy  outlines,  the  winding  being  in  two 
layers,  so  that  there  are  as  many  coils  as  slots.  Only  one 
phase  is  drawn  in  complete,  so  ^s  not  to  confuse  the  drawing. 
Take  the  coil  A.  One  side  e  of  this  coil  lies  in  the  top  of  a 
slot,  and  the  other  side  f  lies  in  the  bottom  of  the  corre- 
sponding slot  under  the  next  pole.  The  light  lines  a,  a' 
represent  the  terminals  of  the  coil  A^  and  the  light  con- 
nections show  the  connections  between  the  coils  constituting 
one  phase.  Starting  from  collector  ring  i,  we  pass  from  a 
around  coil  A  and  come  to  a' ;  a'  is  joined  to  b,  so  that  the 
current  passes  around  coil  B  in  agreement  with  the  arrows; 
the  terminal  b'  is  then  connected  to  c' ,  so  as  to  pass  through 
coil  C  in  the  direction  of  the  arrows.  This  process  is 
repeated  until  the  twelve  coils  constituting  the  phase  are 
all  connected  in  series,  and  the  remaining  terminal  /  is 
brought  to  collector  ring  2.  The  other  phase,  of  which  the 
active  conductors  are  indicated  by  the  light  lines,  is  con- 
nected up  in  exactly  the  same  way,  and  its  terminals  brought 
to  the  collector  rings  3  and  Jf..  This  gives  a  completed 
two-phase  ^winding  which  consists  of  two  coils  for  each  pole 
and  for  each  phase,  all  the  coils  in  each  phase  being  con- 
nected in  series,  and  each  phase  connected  to  its  pair  of 
collector  rings. 

4092.  Fig.  1594  represents  a  three-phase  bar-wound 
armature  with  four  bars  for  each  pole  and  each  phase.  The 
armature  is  wound  for  8  poles,  so  that  there  are  32  bars  or 
conductors  connected  up  in  series  in  each  phase.  One 
phase  is  shown  connected  up,  the  conductors  belonging  to 
the  other  two  phases  being  indicated  by  the  dotted  and  dot 
and  dash  lines.  Starting  from  the  collector  ring  r,,  we  connect 
to  the  bottom  conductor  in  slot  1,  from  there  we  pass  to  the 
corresponding  slot  under  the  next  pole,  that  is,  slot  7,  and 
connect  to  the  top  conductor  in  that  slot.  In  this  way  we 
pass  twice  around  the  armature,  connecting  up  the  bars  in 
accordance  with  the  arrows,  coming  finally  to  the  point  n. 
From  71  a  connection  is  made  to  ;;/,  and  from  m  we  pass 
twice  around  the  armature  again  in  the  opposite  direction, 
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and  come  finally  to  the  point  s,  which  is  conne<  ihe 

common  junction  /C'  if  a  Y  winding  is  employed.  This  con- 
nects all  the  conductors  belonging  to  this  phase  in  series  by 
what  is  known  as  a  wave  winding,  so  called  because  the 
winding  progresses  around  the  armature  from  one  bar  to  the 
next.  The  bars  constituting  the  other  two  phases  are  con- 
nected up  in  a  similar  way,  and  the  three  phases  connected 
up  in  the  Y  or  A  combination,  according  to  the  rules  which 
have  been  given  in  the  section  on  Theory  of  Alternating- 
Current  Apparatus.  A  three-phase  alternator  provided  with 
a  winding  like  that  shown  in  Fig.  1.3'.>4  w<>uld  be  suitable 
for  a  machine  designed  to  deliver  a  large  current  output  at  a 
low  voltage.  In  such  a  case  the  number  of  armature  con- 
ductors required  would  be  comparatively  small,  and  hence 
bars  could  be  used  to  advantage.  A  similar  scheme  of  con- 
nection could  be  used  for  a  coil-wound  armature,  except 
that  in  this  case  each  element  of  the  winding  would  consist 
of  a  number  of  convolutions  instead  of  the  single  turn  as 
shown  in  Fig.  1594. 

4093.  By  referring  to  Figs.  1593  and  1594,  it  will  be 
noticed  that  in  such  two-layer  windings  the  top  conductors 
are  always  connected  across  the  front  and  back  of  the  arma- 
ture to  bottom  conductors;  that  is,  a  conductor  in  the  top  of 
one  slot  is  not  connected  to  the  /oJ>  conductor  in  the  corre- 
sponding slot  under  the  next  pole.  This  is  done  to  make  the 
arrangement  of  the  end  connections  such  that  they  do  not 
interfere  with  each  other.  Take  the  end  connections  on  the 
back  of  the  armature  (connections  next  the  poles).  It  will 
be  noticed  that  all  the  end  connections  attached  to  the  top 
bars  slant  in  one  direction,  while  all  those  attached  to  the 
bottom  bars  slant  in  the  other;  consequently,  if  the  top  and 
bottom  connections  are  arranged  in  two  different  planes,  the 
crossings  will  be  effected  without  the  connections  interfer- 
ing with  each  other.  The  two-layer  tyjie  of  winding  is  on 
this  account  extensively  used,  and  its  application  will  be 
taken  up  further  in  connection  with  induction-motor  design. 
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CONSTRUCTION  OF  ARMATURES. 
4094.  On  the  whole,  the  mechanical  construction  of 
alternator  armatures  is  very  similar  to  that  employed  for 
armatures  for  multipolar  direct-current  machines.  There 
are  differences  in  the  electrical  features,  arising  from  the 
different  type  of  winding  usually  employed  and  the  absence 
of  commutator  connections.  The  construction  of  many  of 
the  armatures  is  simpler  than  that  necessary  for  continuous- 
current  machines,  on  account  of  the  smaller  number  of  coils 
used  in  making  up  the  armature  winding. 


ARMATURE    DISKS. 

4095.  Most  of  the  armature  disks  used  are  adapted  for 
armatures  of  the  drum  type.  Such  disks  or  disk  segments 
are  stamped  from  well-annealed  soft  iron.  Very  mild  steel 
is  also  used  for  such  disks,  as  it  is  practically  as  good  mag- 
netically as  the  sheet  iron.  It  is  essential,  however,  that 
whatever  material  is  used,  the  hysteresis  factor  should  be 
low,  especially  if  the  armature  is  to  be  run  at  a  high  fre- 
quency. It  is  almost  the  universal  practice  at  present  to 
use  toothed  cores,  although  smooth-core  armatures  were 
quite  common  in  some  of  the  older  types  of  machines. 
Core  iron  should  be  from  .014  in.  to  .018  in.  or  14  to  18  mils 
thick.  Iron  thicker  than  this  is  frequently  used  in  direct- 
current  machines,  but  it  is  not  safe  to  use  iron  much  thicker 
in  alternator-armature  cores  on  account  of  the  danger  of 
increasing  the  eddy-current  loss.  Some  makers  depend 
upon  the  oxide  on  the  disks  for  the  insulation  to  prevent 
eddy  currents,  while  other  makers  give  the  disks  a  coat  of 
japan  before  they  are  assembled  to  form  the  core. 

4096.  The  variety  of  disks  used  for  alternator  arma- 
tures is  large.  Some  are  designed  for  stationary  armatures 
of  large  diameter,  while  others  are  for  rotating  armatures 
of  comparatively  small  diameter.  The  different  styles  of 
slots  used  are  also  numerous.  Fig.  1595  represents  one 
common  style  of  disk  used  for  lighting-alternators,  and  is 
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designed  to  accommodate  a  winding  similar  to  that  shown  in 
Fig.  1512,  Theory  of  Alternating-Current  Apparatus.  This 
disk  is  provided  with  as 
many  teeth  and  slots  as 
there  are  poles  on  the  al- 
ternator. Each  tooth  is 
provided  with  the  projec- 
tions a,  rt,  which  hold  the 
coils  in  place  and  obviate 
the  necessity  of  band  wires. 
A  keyway  k  is  provided  by 
which  the  disks  are  keyed 
to  the  spider  supporting 
them.  It  is  well  to  notice 
in  passing  that  core  disks 
for  alternators  are  usually  Fig.  1595. 

quite  shallow,  the  depth  of  iron  d  under  the  slots  being 
small  compared  with  that  usually  found  in  direct-current 
armatures,  making  the  disks  appear  more  like  rings. 
This  is  accounted  for  by  the  fact  that  in  an  alternator  the 
total  flux  which  the  armature  conductors  cut  in  one  revo- 
lution is  divided  up  among  a  large  number  of  poles,  conse- 
quently the  flux  from  any  one  pole  is  comparatively  small. 
The  flux  through  the  core  under  the  teeth  is  one-half  the 

flux  from  the  pole-piece; 
the  cross-section  of  iron 
necessary  to  carry  it  is, 
therefore,  small,  and  a 
large  depth  of  core  is  un- 
necessary  tc  obtain  the  re- 
quired cross-section. 


4097.  Fig.  15'jG  shows 
another  style  of  disk  and 
slot  in  common  use.  This 
disk  is  provided  with  16 
slots,  and  would  be  suit- 
able for  an  8-pole  two-phase 
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winding  like  that  shown  in  Fig.  152G,  Theory  of  Alternating- 
Current  Apparatus.  The  same  style  of  disk  with  24  slots 
would  answer  for  the  three-phase  winding,  Fig.  1533.  The 
disk  shown  in  Fig.  159G  is  provided  with  slots  which  have 
dovetailed  grooves  near  the  circumference.  After  the  coil 
is  placed  in  position,  a  wooden  Avedge  is  fitted  into  these 
grooves,  thus  holding  the  coil  firmly  in  place  and  doing 
away  Avith  the  necessity  of  band  wires. 

4098.  When  the  armature  is  wound  with  bars,  straight 
slots  are  frequently  used.  Fig.  1597  shows  such  a  disk  pro- 
vided with  48  equally  spaced  slots.      Such  a  disk  would  be 

suitable  for  an  armature 
core  for  the  winding  shown 
in  Fig.  1594.  It  would  be 
necessary  in  this  case  to 
use  band  wires  to  hold  the 
conductors  down  in  place, 
giving  a  construction  very 
sirnilar  to  that  commonly 
employed  for  direct-current 
armatures. 

4099.  Stationary  ar- 
matures for  large  machines 
are  placed  externally  to  the 
revolving  field,  and  the  coils 
placed  in  slots  around  the  inner  periphery.  Since  such  arma- 
ture cores  are  generally  of  large  diameter,  the  armature  disks 


Fig.  1597. 


Fig.  1598. 


have  to  be  punched  out  in  sections,  as  shown  at  c  in  Fig.  1598. 
These  sections  are  provided  with  dovetail  projections  b 
which  fit  into  slots  in  the  supporting  iron  framework  yi.    As 
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Fig.  1599. 


the  core  is  built  up,  the  joints  between  the  different  segments 
are  "staggered"  or  the  segments  are  overlapped,  so  as  to 
form  a  core  which  provides  a  magnetic  circuit  practically  as 
good  as  if  the  disks  were  punched  in  one  piece.  The  use  of 
the  dovetail  projecting  lugs  avoids  the  use  of  bolts  passing 
through  the  disks  to  hold  the  latter  in  place.  Unless  bolts 
are  insulated,  they  are  liable 

to  give  rise  to  eddy  currents  ^r^       O*  Oh 

by  short-circuiting  the  disks. 
Some  makers,  however,  use 
disks  as  shown  in  Fig,  1599, 
provided  with  holes  h  for  the  clamping  bolts.  The  slots 
used  for  such  stationary  armatures  must  of  course  be  pro- 
vided with  grooves  of  some  kind  to  receive  holding-in  strips 
or  wedges,  as  it  is  not  possible  to  use  band  wires  in  such  a  case. 

41 OO.     Revolving  armatures  are  also  frequently  made 
of  such  large  diameter  that  it  is  not  practicable  to  punch 

the  disks  in  one  piece.  In 
such  cases,  again,  the  disks 
are  made  in  segments,  and 
are  held  in  place  either  by 
bolts  passing  through  them 
or  by  dovetail  projections  fit- 
ting into  grooves  in  an  ex- 
tension of  the  armature  spider 
arm.  This  construction  will 
Fig.  icoo.  be  understood  by  referring  to 

Fig.  1600.  In  assembling  disks  to  make  up  a  core,  it  is 
usual  to  place  a  heavy  sheet  of  paper  about  every  \  inch 
or  \  inch  of  core,  in  order  to  make  sure  that  the  path 
for  eddy  currents  will  be  effectually  broken  up. 


ARMATURE  SPIDERS. 

4101.  Disks  for  revolving  armatures  are  usually  sup- 
ported in  spiders  similar  to  those  used  for  direct-current 
multipolar  armatures.  These  spiders  are  made  of  cast  iron 
or   steel,  and  are  necessarily  strongly  constructed.     They 
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should  be  so  made  as  to  clamp  the  disks  firmly  in  place, 
and  be  amply  strong  to  bear  any  unusual  twisting  action 
they  may  have  to  withstand  due  to  an  accidental  short 
circuit.  Fig.  IGOl  shows  two  views  of  a  spider  (and  core) 
suitable  for  disks  of  moderate  size  punched  in  one  piece. 
The  spider  proper  consists  of  a  hub  a  provided  with  four 
radial    arms  b  which    fit    the    inner   diameter  of   the  disk. 


12  Slots 


'     4 


^ 


c 


(a) 


rb) 


Fig.  1601. 


The  hub  is  bored  out  so  that  it  fits  very  tightly  on  the 
shaft,  and  a  key  is  provided  to  avoid  any  chance  of  turning. 
The  core  disks  d  are  clamped  firmly  in  place  by  two  heavy 
cast-iron  end  plates  c,  c  which  are  pressed  up  and  held  by 
the  bolts  c.  These  bolts  pass  under  the  disks,  so  that  there 
is  no  danger  of  their  giving  rise  to  eddy  currents.  The  key/" 
prevents  the  disks  from  turning  on  the  spider  and  ensures 
the  alinement  of  disks,  which  is  necessary  to  make  the  teeth 
form  smooth  slots  when  the  core  is  assembled. 

Fig.  1601  shows  the  construction  used  with  armatures 
having  a  small  number  of  heavy  armature  coils.  In  such 
cases  the  coils  are  stiff  and  the  ends  project  out  past  the  end 
of  the  core  without  being  supported.  In  case  a  distributed 
winding  is  used,  the  coils  are  numerous,  and  being  small, 
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they  are  frequently  not  stiff  enough  to  support  themselves, 
hence  the  clamping  rings  of  the  spider  are  in  such  cases 
provided  with  flanges,  as  shown 
in  Fig.  1G03.  The  end  connec- 
tions of  the  coils  lie  on  the  flat 
cylindrical  surfaces  a,  a,  and  are 
tightly  bound  down  in  place  by 
means  of  band  wires.  This  con- 
struction gives  rise  to  what  is 
known  as  a  barrel,  or  cylin- 
drical, winding,  because  the 
ends  of  the  coils  project  straight 
out  from  the  core,  forming  a 
cylindrical  surface.  Fig.  1603 
shows  a  spider  suitable  for  a 
large  armature  built  up  with 
segments  like  those  shown  in 
Fig.  1600.     This  style  of  spider  ^'''-  ^^• 

is  common  for  machines  with  large  diameter  of  armature 


u^jnX^ 


running  at  Inv  >^MPeds. 
if.  /;.    /I      ',3 


Fig.  1608. 

The  rim  r  of  the  spider  is  made 
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non-continuous,  in  order  to  avoid  strains  in  casting  as  much 
as  possible. 


41 02.  When  the  armature  is  the  stationary  part  of  the 
machine,  a  stationary  frame  of  some  kind  must  be  used  to 
support  the  stampings.  This  consists  usually  of  a  rigid 
cast-iron  framework  provided  with  end  plates,  between 
which  the  armature  disks  are  clamped.  The  construction 
will  be  understood  by  referring  to  Fig.  1604,  which  shows  a 
stationary  armature  frame  for  a  machine  of  large  diameter. 


)     E^ 
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Fig.  1604. 

The  frame  casting  is  usually  made  in  two  pieces  A  and  B, 
the  lower  half  being  provided  with  projections  a,  a  by  which 
the  spider  is  bolted  to  the  bed  or  foundation.  The  seg- 
mental core  stampings  d,  d  are  held  in  place  by  the  dovetail 
grooves  c^  c.  These  segments  are  clamped  between  the  end 
rings  e^  e  by  means  of  the  bolts/".  The  end  rings  e  are 
shown  made  up  in  segments  on  account  of  their  large 
diameter. 
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ARMATURE  CONDUCTORS. 

4103.  The  style  of  conductor  used  on  the  armature 
will  depend  to  a  great  extent  upon  the  current  which  it  is 
to  carry  and  the  space  in  which  it  is  to  be  placed.  High- 
voltage  machines  of  moderate  output  are  usually  wound 
with  double  or  triple  cotton-covered  magnet  wire.  Fre- 
quently two  or  more  wires  are  used  in  multiple  in  order 
to  secure  the  requisite  cross-section.  This  gives  a  more 
flexible  conductor  than  a  single  large  wire,  which  would  be 
difficult  to  wind. 

41 04.  It  is  often  advantageous  to  use  bare  wire  in 
making  up  such  conductors  and  cover  the  combination  of 
wires  with  insulation,  as  shown  in  Fig.  1605.  A  section  of  a 
conductor  made  up  of  two  bare 

wires  in   multiple    is  shown  at    ^^^      1^^^%       ft      ^  '"^l ' 
(a)  and  four  bare  wires  at  {d). 


^  I- 


the   conductors   being  in  each  ^^^^^^^  ji^J' 

case    covered    by    the    cotton      ^'^^  ^^         ("^      (^^ 

wrapping  i.     This  construction  ^°'  ***• 

not  only  saves  space,  but  the  insulation  also  serves  to 
hold  the  wires  in  place.  Conductors  of  special  shape  are 
used  on  some  machines.  For  example,  square  wire  and 
copper  ribbon  are  sometimes  employed.  Fig.  1605  (r)  shows 
a  section  of  a  copper  ribbon  conductor  with  its  cotton 
insulation.  Such  ribbons  are  usually  from  -^  in.  to  ^  in. 
thick,  and  should  be  made  with  rounded  edges,  to  prevent 
danger  of  cutting  through  the  insulation. 

4105.  Copper  bars  are  largely  used  for  armatures 
designed  to  deliver  large  currents.  The  use  of  such  bars 
enables  a  large  cross-section  of  copper  to  be  put  into  small 
space,  there  being  very  little  of  the  waste  space  which  is  un- 
avoidable where  round  copper  wires  are  used.  Fig.  1605  (//) 
shows  a  cross-section  of  an  armature-winding  bar.  The 
dimension  //  is  usually  considerably  greater  than  b,  in  order 
to  adapt  the  bar  to  an  armature  slot  which  is  deep  and 
narrow.     These  bars  are  rolled  to  any  required  dimensions, 
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the  corners   being  slightly   rounded  as  shown,   to  prevent 
cutting  of  the  insulation. 


FORMS  OF  ARMATURE  COILS  AND  BARS. 

41 06.  The  simplest  form  of  coil  for  alternator  arma- 
tures is  that  used  on  ordinary  single-phase  machines  with 
uni-coil  windings.     The  coils  usually  consist  of  a  fairly  large 

number  of   turns,    and  are 

wound   on    forms,    so   that 

=j  the  finished  coil  is  of  such 


shape  that  it  fits  snugly  into 
place  in  the  slots.  Such 
P=^  coils  are  heavily  taped  to  in- 
sulate them  thoroughly  and 
make  them  hold  their  shape. 
Coils  of  this  type  are  shown 
Fig.  1C06.  in    Fig.    1606    (a)   and    {d). 

The  straight  portion  c  c  and  dd  lies  in  the  slots,  the  end 

parts    projecting  out  over  the  ends  of  the  armature  core. 

In  some  cases  the  ends  are  curved  as  at  (a),  while  in  others 

the  ends  shown  at  (d)  are  used. 

41 07.  In  many  polyphase  windings  it  is  necessary  to 
shape  these  heavy  coils  so  that 
they  may  cross  each  other  at  the 
ends  of  the  armature.  This  is 
accomplished  by  shaping  one  of 
the  coils  as  shown  in  Fig.  1607. 
The  end  of  the  coil  d  is  bent  down 
into    a   different    plane    from    that  ^'^-  ^^°''- 

of  a,  so  that  the   coils  cross  each  other  without  touching, 
and  ensure  good  insulation. 


41 08.  When  coils  are  used  for  a  distributed  winding 
like  that  shown  in  Fig.  1593,  they  are  generally  shaped  like 
the  coil  shown  in  Fig.  1608.  This  is  a  form-wound,  taped 
coil  consisting  usually  of  a  comparatively  small  number  of 
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turns.  The  straight  portions  a  a  and  b  h  lie  in  the  slots, 
while  the  end  portions  project  beyond  the  core  and  are 
usually  supported  by  flanges,  especially  if  the  armature 
revolves.     The  side   a   a    lies  <*,— ^ 

in  a  lower  plane  than  b  b,  so 
that  the  upper  and  lower  end 
connections  do  not  interfere 
with  each  other.  The  termi- 
nals /,  /  of  the  coil  are  usually 
brought  out  at  the  points 
shown.  At  the  points  c,  c  the  coil  is  so  formed  as  to  bring 
the  end  connections  d^  d  into  a  plane  above  a  a,  and  thus 
bring  the  side  b  b  \n  the  top  of  the  slot.  Sometimes  the 
terminals  are  brought  out  at  the  corners  a,  b^  if  this  brings 
them  in  a  position  more  convenient  for  connection  to  the 
other  coils. 


Fio.  1609. 


41 09.     Bar  windings  are  frequently  made  in  two  layers. 
Fig.  1G09  shows  a  form  of  bar  suitable  for  a  winding  such  as 

that  shown  in  Fig.  1594. 
The  straight  part  a  a 
lies  in  the  slot,  and  the 
end  portions  b^  b  form 
the  connections  to  the  other  bar.  Fig.  1610  shows  one 
element  or  turn  of  such  a  winding.  The  part  cc  lies  in  the 
top  of  the  slot,  and  the  two 
bars  making  up  the  element 
are  soldered  together  at  the 
point  d.  Fig.  IGll  shows  a 
similar  element  for  a  wave 
bar  winding,  except  that 
there  is  no  soldered  joint  at 
the  point  a,  the  element  be- 
ing composed  of  one  continuous  copper  bar  first  bent  into 
the  long  U  form  shown  in  Fig.  1612,  and  then  spread  out 
to  form  the  winding  element  shown  in  Fig.  1611.  This 
construction  reduces  the  number  of  soldered  joints  neces- 
sary, which  is  an  advantage,  as  poorly  soldered  joints  may 


Fig.  1610. 
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introduce  enough  local  resistance  to  cause  heating  at  the 

joints  when  the  ma- 
chine is  delivering  a 
large  current.  Bars 
of  the  style  just  de- 
scribed are  used  also 
for  some  styles  of  in- 
duction-motor arma- 
tures. The  portion 
of  the  bar  forming 
Fig.  1611.  the    end  connection 

has  to  be  taped  in  order  to  insulate  it  from  its  neighbors. 

The  part  in  the  slot  is  frequently  taped  also,  though  in  some 


D 


Fig.  1612. 

cases  the  insulation  from  the  core  is  provided  wholly  by  the 
insulating  trough. 

ARMATURE  INSULATION  (COILS). 

41  lO.  Alternator  armatures  are  generally  called  upon 
to  generate  much  higher  voltages  than  are  common  with 
continuous-current  machines.  The  pressures  generated  by 
ordinary  lighting-alternators  are  usually  in  the  neighborhood 
of  1,000  or  2,000  volts.  Power-transmission  alternators 
have  been  built  which  generate  as  high  as  8,000  or  10,000 
volts.  These  are  the  values  of  the  pressures  generated  in 
effective  volts,  and  when  it  is  remembered  that  the  maxi- 
mum value  of  the  pressure  to  which  the  insulation  is  sub- 
jected is  considerably  greater  than  the  effective  value,  it 
will  be  seen  that  the  insulation  of  these  armatures  must  be 
carefully  carried  out  to  ensure  against  breakdowns.  The 
insulation  should  be  capable  of  standing  a  pressure  at  least 
three  or  four  times  as  great  as  that  at  which  it  is  ordinarily 
worked. 

4111.  For  very  high  voltage  machines  it  is  best  to  use 
the  type  with  stationary  armature,  as  it  is  easier  to  insulate 
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a  stationary  armature  ihoroughly.  The  allowable  space  for 
insulation  0:1  a  stationary  armature  is  usually  greater  than 
on  a  revolving  one,  and,  moreover,  the  insulation  is  more 
likely  to  remain  intact.  A  revolving  armature  also  necessi- 
tates collector  rings,  brush-holder  studs,  etc.,  which  have  to 
be  insulated  for  high  pressures;  whereas  with  the  station- 
ary armature  only  three  terminals  are  required,  which  are 
comparatively  easy  to  insulate.  In  all  armatures  for  high 
pressures,  windings  are  used  which  give  as  few  crossings  of 
the  coils  as  possible. 


Fig.  16]3. 


41 1  2.  When  the  coils  each  contain  a  large  number  of 
turns,  the  voltage  generated  per  coil  will  be  large;  conse- 
quently it  is  not  only  necessary  to  insulate  the  outside  of  the 
coil  thoroughly,  but  each  layer  must  also 
be  insulated  from  its  neighbor.  Fig.  1G13 
shows  a  section  of  a  coil  consisting  of 
32  turns.  Between  each  layer  of  wire 
is  a  layer  of  insulation  i  turned  up  at  the 
ends,  so  as  to  thoroughly  insulate  the 
individual  layers.  The  whole  coil  is  cov- 
ered with  a  heavy  wrapping  of  insula- 
ting tape  t,  and  in  addition  is  treated 
with  insulating  varnish  and  baked  to  drive  out  all  mois- 
ture. The  thickness  of  tape  will  depend  upon  the  voltage 
of  the  machine.  Linen  tape  of  good  quality,  treated 
with  linseed  oil,  forms  about  the  best  material  for  this  pur- 
pose, as  it  has  high  insulating  properties  and  docs  not 
deteriorate  with  a  moderate  amount  of  heating.  Such  tape 
is  usually  about  .010  in.  (10  mils)  thick,  and  is  wound  on  half 
lapped.  Where  extra  high  insulation  is  required,  the  tape 
may  be  interleaved  with  sheet  mica.  Coils  for  distributed 
windings  do  not  usually  contain  a  large  enough  number  of 
turns  to  require  insulation  between  the  separate  layers. 
They  may  be  taped  and  treated  with  the  same  materials  as 
the  heavier  coils,  but  the  outside  taping  is  usually  not  so 
heavy.  With  such  windings  the  material  lining  the  slot 
is  depended  upon  largely  for  the  requisite  insulation. 
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ARMATURE   INSULATION   (SLOTS). 

4113.  The  taping  on  the  coils  should  not  be  depended 
on  alone  for  the  insulation.  The  slots  should  be  lined  with 
insulating  material  which  is  not  likely  to  be  damaged  by 
putting  the  coils  in  place.  vSlot  insulation  is  usually  made 
up  in  the  form  of  troughs  or  tubes  composed  of  alternate 
layers  of  pressboard  and  mica.  The  mica  is  depended  upon 
mainly  for  the  insulation,  the  pressboard  being  used  as  a 
bonding  material  to  hold  the  mica  in  place.  These  tubes 
may  be  either  made  up  separately  or  formed  in  place  in  the 
slots.  The  mica  is  usually  stuck  on  the  pressboard  with  shel- 
lac or  other  insulating  varnish,  which  becomes  dry  when  hard 
and  makes  the  trough  hold  its  shape.     Fig.  1614  shows  the 


Fig.  1614. 

slot  insulation  for  the  armature  winding  shown  in  Fig.  1512, 
Theory  of  Alternating-Current  Apparatus.  The  hardwood 
strip  a  is  first  laid  in  the  bottom  of  the  slot,  and  the 
paper  and  mica  trough  b  formed  in  place  before  the  bonding 
varnish  becomes  dry.  The  coil  c,  consisting  of  several  turns 
of  copper  wire  or  ribbon,  is  wound  in  place  after  the  slot 
insulation  has  become  dry,  and  a  wooden  wedge  d,  pushed 
in  from  the  end  of  the  armature,  holds  the  winding  firmly 
in  place.  An  insulating  piece  e  is  also  placed  between  the 
wedge  and  the  winding. 

41 14.     Fig.  1G15  shows  the  slot  insulation  for  a  winding 
similar  to  that  shown  in  Fig.  1526,  Theory  of  Alternating- 
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Current  Apparatus;  /  is  the  taping  on  the  coil  and  i  the 
paper  and  mica  insulating  trough.  The  top  of  the  trough  is 
left  projecting  up  straight 
until  the  coil  is  placed  in 
the  slot,  after  which  it  is 
bent  over  as  shown,  pro- 
tecting the  coil  from  any 
injury  while  the  wedge  a 
is  being  forced  into  place. 
These  wedges  should  be 
cut  so  that  the  grain  of 
the  wood  lies  across  the 
slot,  otherwise  there  is 
danger  of  their  becoming 

loose  due  to  shrinkage. 

Fig.  1C15. 

Fig.  1616  shows  the  arrangement  of  slot  insula- 
coil-wound  two-layer  armature.  The  insulating 
trough  i  runs  around  the  slot  and  laps  over 
the  top  of  the  coil  as  before.  In  addition  to 
this,  the  upper  and  lower  groups  of  conduct- 
ors are  separated  by  the  insulating  strip  a, 
which  must  be  sufficiently  thick  to  stand  the 
total  voltage  generated.  This  arrangement 
also  makes  use  of  the  wedge  construction  for 
holding  the  coils  in  place. 


4115. 

tion  for  a 


Fig.  1616. 


4116.     Fig.  1617  shows  the  insulation  for  a  two-layer 
bar-wound   armature    with   straight    slots.      This   style   of 
slot    would    be    suitable   for    the    bar    wind- 
ing shown  in  Fig.  1594.      In  such  cases  the 
bars  have   to   be   placed   in   the   slots  from 
the  top,  the  bent  ends  preventing  their  be- 
ing pushed  in  from  the  end.     This  necessi- 
tates   the    use   of    straight    slots    and    band 
wires    for    holding    the    bars    in   place.      A   _ 
wooden    strip   is    usually    inserted    between         Fig.  imt. 
the  band  wires  and  bars  in  order  to  protect  the  winding. 
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41 1 7.  In  using  two-layer  windings,  care  should  be  taken 
to  have  the  top  and  bottom  layers  very  thoroughly  insu- 
lated from  each  other.  The  insulating 
troughs  «,  Fig.  1G18,  should  project  a 
short  distance  beyond  the  core  </,  in 
order  to  make  sure  of  good  insulation 
between  the  coils  and  core.  The  spider 
flanges  should  also  be  thoroughly  insu- 
lated with  paper  and  mica  c  wherever 
there  is  any  possibility  of  the  current 
Fig.  1618.  jumping  from  the  coils  to  the  spider. 


MAGNETIC  DENSITIES. 


DENSITY   I3V  ARMATURE  TEETH. 

41 1 8.  Where  armatures  are  wound  with  a  few  heavy  coils, 
the  teeth  between  the  coils  are  large,  in  many  cases  fully  as 
wide  as  the  pole  faces.  In  such  armatures  the  magnetic 
density  in  the  teeth  will  not  be  much  higher  than  that  in 
the  air-gap.  When  a  distributed  winding  is  used,  the  surface 
of  the  armature  is  split  up  more  by  the  slots,  and  the  area 
of  cross-section  of  iron  in  the  teeth  is  reduced.  This  gives 
rise  to  a  higher  magnetic  density  in  the  teeth  than  in  the 
air-gap. 

41 19.  It  was  pointed  out,  in  connection  with  the  design 
of  continuous-current  machines,  that  in  such  machines  it 
was  desirable  to  have  the  magnetic  density  in  the  teeth 
high,  because  highly  saturated  teeth  prevent  the  armature 
from  reacting  strongly  on  the  field,  and  thus  aid  in  suppress- 
ing sparking.  In  the  case  of  alternators,  however,  high 
densities  in  the  teeth  are  avoided,  because  the  effects  of 
armature  reaction  are  not  nearly  so  serious  in  these  machines, 
and  the  high  density  might  prove  detrimental  by  causing 
excessive  hysteresis  and  eddy-current  losses.  In  general, 
therefore,  in  alternator  design,  the  magnetic  density  in  the 
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core  teeth  is  kept  as  low  as  possible.  The  density,  however, 
can  not  be  made  very  low,  as  this  would  mean  large  teeth 
and  a  correspondingly  large  armature.  Where  distributed 
windings  are  used,  it  will  generally  be  found  that  the  width 
of  the  slot  and  width  of  tooth  are  made  about  equal,  thus 
reducing  the  effective  iron  surface  of  the  armature  to  about 
one-half  and  making  the  magnetic  density  in  the  teeth  about 
twice  that  in  the  air-gap.  It  will  be  remembered  that  both 
the  hysteresis  loss  and  eddy-current  loss  increase  very 
rapidly  with  the  density,  consequently  it  is  easily  seen  that 
if  the  density  in  the  teeth  is  very  high,  the  amount  of  loss  in 
them  may  be  considerable,  on  account  of  the  high  frequency 
at  which  alternators  usually  run.  It  also  follows  that,  for 
the  same  amount  of  loss,  it  would  be  allowable  to  use  a 
higher  magnetic  density  with  a  low-frequency  alternator 
than  with  one  running  at  a  high  frequency. 


DENSITY  IN  ARMATVRB  CORE. 

41 20.  The  density  in  the  armature  core  proper,  that 
is,  the  portion  of  the  core  below  the  armature  slots,  should 
also  be  low,  in  order  to  keep  down  the  core  losses.  This 
density  can  be  made  almost  as  low  as  we  please  by  decreas- 
ing the  inside  diameter  of  the  core,  thus  making  the  depth  d^ 
Fig,  1595,  large,  and  increasing  the  cross-section  of  iron 
through  which  the  lines  have  to  flow.  If,  however,  the 
inside  diameter  were  made  very  small,  the  core  would  be 
heavy,  and  since  the  hysteresis  loss  is  proportional  to  the 
volume  of  iron,  very  little  would  be  gained  by  decreasing 
the  density  beyond  a  certain  amount.  Armature  cores  for 
alternators  are  usually  worked  at  densities  varying  from 
25,000  to  35,000  lines  per  square  inch,  the  allowable  density 
being  higher  in  low-frequency  machines  than  in  those  run- 
ning at  high  frequencies.  Where  armatures  are  run  at  very 
high  speeds  of  rotation,  the  density  may  be  allowed  to  run  a 
little  higher  than  the  above  values,  in  order  to  make  the  core 
as  light  as  possible,  provided  the  frequency  is  not  too  high. 
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DEIVSITV   IN   AIR-GAP. 

4121.  The  allowable  density  in  the  air-gap  will  depend, 
to  a  certain  extent,  upon  the  material  of  which  the  pole- 
pieces  are  made.  If  cast-iron  pole-pieces  are  used,  the 
density  must  be  kept  fairly  low,  otherwise  there  will  be 
danger  of  the  cast  iron  becoming  saturated.  It  is  best, 
therefore,  to  make  the  air-gap  density  in  such  machines  in 
the  neighborhood  of  30,000  lines  per  square  inch.  If  the 
pole-pieces  are  made  of  wrought  iron,  as  they  frequently 
are  in  modern  machines,  the  density  may  be  as  high  as 
40,000  or  45,000  lines  per  square  inch.  The  density  could 
be  even  higher  than  this  without  danger  of  saturating  the 
wrought  iron,  but  if  the  air-gap  density  is  carried  too  high, 
a  very  large  magnetomotive  force  must  be  supplied  by  the 
field  coils  in  order  to  set  up  the  flux.  For  these  reasons  the 
average  air-gap  density  should  usually  be  somewhere  near 
the  values  given  above. 

DESIGN    OF    lOO    K.  W.    SINGLE-PHASE 
ALTERNATOR. 

4122.  The  preceding  articles  have  dealt  with  the  gen- 
eral considerations  governing  the  design  and  construction  of 
alternator  armatures.  We  will  now  apply  these  to  the 
special  case  of  the  design  of  an  armature  for  a  single-phase 
alternator,  in  order  to  illustrate  the  calculation  of  the  dif- 
ferent dimensions.  As  a  starting-point,  we  will  assume  that 
the  following  quantities  are  known,  and  in  this  particular 
case  are  as  given  below,  the  design  being  worked  out  for 
these  quantities.  The  student  will  understand,  however, 
that  most  of  the  formulas  are  perfectly  general,  and  that 
these  special  values  are  only  taken  to  illustrate  a  typical 
case  in  order  to  make  the  design  clearer.  The  following 
quantities  are  in  general  known  or  assumed: 

1.  Output  at  full  load. 

2.  Frequency. 

3.  Speed. 

4.  Voltage  at  no  load.     Voltage  at  full  load. 

5.  Allowable  safe  rise  in  temperature. 

6.  General  type  of  machine. 
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For  the  case  in  hand,  we  will  take  the  following: 

1.  Output  at  full  load:  100  K.  W. 

2.  Frequency :  60  cycles  per  second. 

3.  Speed:  600  rev.  per  min. 

tt.  Voltage  at  no  load  =  2,000  =  E.  Voltage  at  full 
load  =  2,200  =  ^\ 

0.     Allowable  rise  in  temperature:  40°  C. 

6.  General  type  of  machine:  belt-driven,  revolving  arma- 
ture, stationary  field. 

4123.  It  will  be  noted  that  the  armature  is  to  deliver 
2,000  volts  on  open  circuit  and  2,200  volts  when  the  machine 
is  fully  loaded.  This  is  done  so  that  the  voltage  at  the  dis- 
tant end  of  the  line  may  remain  practically  the  same  from 
no  load  to  full  load.  This  increase  in  voltage  is  accomplished 
by  strengthening  the  field  by  means  of  the  series  coils,  so 
that,  so  far  as  the  voltage  generated  by  the  armature  is  con- 
cerned, we  design  it  to  generate  2,000  volts,  and  leave  the 
increase  of  200  volts  to  be  brought  about  by  the  action  of 
the  field. 

4124.  Since  the  speed  and  frequency  are  fixed,  the 
number  of  poles  is  also  fixed  by  the  relation 

n=pxs,  (See  formula  646,  Art.  3956.) 

where  s  =  rev.  per  sec. ; 

p  =  pairs  of  poles; 
//  =  frequency. 
We  have  then 

60=/X  W, 

and  the  machine  must  be  provided  with  twelve  poles  to  give 
the  required  frequency  at  a  speed  of  000  R.  P.  M.  We  might 
have  used  a  speed  of  900  rev.  per  min.  and  8  poles,  the  fre- 
quency being  the  same  in  either  case.  It  is  better,  how- 
ever, to  use  the  lower  speed  (600  R.  P.  M.)  for  a  machine  of 
this  capacity,  so  we  will  adopt  the  12-pole  600  R.  P.  M.  de- 
sign. The  field  will  be  external  to  the  armature,  and  will  be 
provided  with  12  equally  spaced  poles  projecting  radially 
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inwards.  We  will  also  follow  the  usual  practice  and  make 
the  distance  between  the  poles  equal  to  the  width  of  the  pole 
face,  or,  in  other  words,  make  the  width  of  pole  face  eqvial 
to  one-half  the  pitch.  The  pole-pieces  will,  therefore,  cover 
one-half  the  surface  of  the  armature. 


DIMENSIONS  OF  CONDUCTOR  AND  CORE. 

4125.  The  current  output  at  full  load  will  be 

^^  watts  ^  K.  W.  X  1,00'^>  ,    -'    . 

full-load  voltage  ]7'  ^  *•' 

100  X  1,000       .„  , 
= ,.  t>nn ~  '*^-'^  amperes. 

The  machine  must,  therefore,  be  capable  of  delivering  a 
current  of  at  least  45.4  amperes  continuously  without  the 
temperature  rise  above  the  surrounding  air  exceeding  40°  C. 

4126.  The  cross-section  of  the  conductor  which  is  used 
on  the  armature  is  determined  by  the  current  which  it  has 
to  carry,  and  this  in  turn  depends  upon  the  way  in  which 
the  different  armature  coils  are  connected  up.  Since  the 
armature  we  are  considering  has  to  generate  a  high  voltage, 
we  will  use  an  open-circuit  winding  and  connect  all  the 
armature  coils  in  series.     The  current  flowing  through  the 

•armature  conductor  at  full  load  will  then  be  the  same  as 
the  full-load  current  output  of  the  machine,  that  is,  45.4 
amperes.  The  student  should  compare  this  with  the  calcula- 
tions determining  the  size  of  wire  used  on  a  continuous- 
current  armature.  It  will  be  seen  that  in  this  latter  case  the 
current  in  the  armature  conductor  was  only  onc-lialf  the 
total  current  output  of  the  machine.  In  some  of  the  older 
types  of  alternators,  the  armature  conductors  were  worked 
at  a  high  current  density,  in  some  cases  less  than  300  circu- 
lar mils  per  ampere  being  allowed.  For  machines  of  good 
design  the  circular  mils  per  ampere  will  usually  lie  between 
500  and  700.  For  a  trial  vakie  we  will  take  550  circular  mils 
per  ampere  in  order  to  determine  the  approximate  necessary 
cross-section  of  the  conductor. 
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Let  ./  =  area  of  cross-section  of  conductor  in  circular  mils; 
C ^=  current  in  conductor; 
m  =■  circular  mils  per  ampere. 

Then,  A  =  C  m.  (672.) 

In  this  case  C  =  45.4  and  m  =  550.     Therefore  the  cross- 
section  of  the  conductor  will  be 

45.4  X550  =  24,970  circular  mils. 

A  No.  6  B.  &  S.  wire  would  give  26,250  circular  mils, 
which  is  quite  near  to  the  cross-section  required,  or  two  No.  9 
wires  in  parallel  would  give  a  cross-section  of  26,180  cir- 
cular mils.  We  will  use  the  latter,  because  the  two  wires  in 
multiple  will  give  a  more  flexible  and  easily  wound  con- 
ductor. We  will  use  two  bare  No.  9  wires 
covered  with  a  double  wrapping  of  cotton,  f"]^I^?^ii_ 
The    double    thickness    of    this    covering    will  " 

be  about    15    mils.     The    diameter    of    No.    9 
wire  is  ,114  in.,  hence  the   width  of   the  con- 
ductor over  all  will  be  .243  in.  and  the  thick- 
ness .129  in.     Fig.  1619  shows  a  cross-section  of  the  con- 
ductor, illustrating  the  arrangement  of  the  insulation. 


DESIGN  OF  ARMATURE  CORE. 

4127.  The  diameter  of  the  armature  is  determined  by 
the  speed  of  rotation  and  the  allowable  safe  value  of  the 
peripheral  speed.  A  safe  peripheral  speed  for  a  belt-driven 
machine  of  this  type  may  be  taken  at  about  5,000  feet  per 
minute.     Hence  we  have 

diameter  of  armature  in  inches  = 

,       peripheral  speed  X  12  /^-o  \ 

"^-^ R.  P,  M.  X  :: ^^^^-^ 

5.000  X  12       oi  Q  •     u 

=  31,8  mches. 


600  X  ff 


We   will  therefore  adopt  Slf  in,  =31.75  as  the  eutside 
diameter  of  the  armature  core. 
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4128.  The  length  of  the  armature  core  parallel  to  the 
shaft,  or  the  spread  of  the  laminations  /„,  Fig.  1G02,  must 
be  large  enough  to  enable  the  armature  to  present  sufficient 
radiating  surface  to  get  rid  of  the  heat  generated.  In 
other  words,  the  armature  must  be  large  enough  to  do  the 
work  required  of  it  without  overheating.  The  core  losses 
and  C^  R  loss  of  the  machine  under  consideration  can  not  be 
determined  exactly  until  the  dimensions  of  the  armature 
have  been  determined.  The  curve  shown  in  Fig.  1583  gives 
the  relation  between  the  output  and  C^  R  loss  for  machines 
of  good  design,  and  it  is  seen  that  for  a  machine  of  100  K.  W. 
capacity,  the  C^  R  loss  should  be  about  1.95^  of  the  output. 
The  approximate  C^  R  loss  may  then  be  taken  as 

100,000  X  .0195  =  1,950  watts. 

4129.  This  armature  is  of  rather  large  diameter  and 
runs  at  a  fairly  high  peripheral  speed,  Good  ventilation 
should  easily  be  obtained  by  constructing  the  spider  to  allow 
free  access  of  air  and  by  providing  the  core  with  ventilating 
ducts.  With  such  an  armature  there  should  be  no  difficulty 
in  radiating  1.3  to  1.5  watts  for  each  square  inch  of  core 
surface  with  a  rise  in  temperature  of  40°  C.  The  core  losses 
are  apt  to  be  quite  large;  hence,  to  be  on  the  safe  side,  we 
will  allow  half  this  radiation  capacity  for  the  core  losses  and 
half  for  the  C^  R\o?>^.  This  means  that  we  should  have 
about  .7  square  inch  of  cylindrical  surface  for  each  watt 
C^  R  loss.      This  would  call  for  a  surface  of 

1,950  X  .7  =  1,305.0  sq.  in. 

41 30.  The  outside  circumference  of  the  armature  is 

31.75  X  -  =  100  in.,  nearly; 

hence  the  approximate  length  of  armature  core  parallel  to 
the  shaft  should  be  about  13.05  in.  As  a  basis  for  further 
calculation,  we  will,  therefore,  adopt  a  trial  length  of  core  of 
say  14  in.  It  may  be  found  necessary  to  modify  this  dimen- 
sion slightly,  as  the  design  is  worked  out  further,  but  it 
should  not  be  made  much  less  than  this,  or  there  will  be 
danger  of  the  armature  overheating. 
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4131.  We  have  now  determined  the  approximate 
dimensions  of  the  armature  core,  and  are  in  a  position  to  cal- 
culate the  magnetic  flux  N  after  we  have  decided  upon  the 
density  to  be  used  in  the  air-gap.  This  machine  will  be 
provided  with  wrought-iron  pole-pieces;  hence  we  may  take 
40,000  lines  per  square  inch  as  a  fair  value  for  the  magnetic 
density  in  the  air-gap.  The  total  magnetic  flux -V  from  one 
pole  will  be  the  area  covered  by  the  pole  multiplied  by  the 
magnetic  density.  The  poles  cover  one-half  the  circumfer- 
ence; hence  the  length  of  arc  on  the  armature  covered  by 
each  pole  will  be 

^  X  <  X  .5  (674.) 

No.  of  poles  ^  *'' 

3.14  X  31.75  X  .5       ,  ,^,  .     , 
= — =  4.10  mches. 

I'V 

The  length  of  the  pole  face  is  the  same  as  the  length  of 
the  armature  core,  i.  e.,  14  in.;  hence  the  area  of  the  pole 
face  is  14  X  4.16  =  o§.2  sq.  in. 

The  total  flux  from  each  pole  will  therefore  be 

58.2  X  40,000  =  2,328,000  lines. 

4132.  _Since  the  flux  N,  the  frequency  ;/,  and  the 
E.  M.  F.  E  generated  at  no  load  are  now  known,  the  num- 
ber of  turns  T  necessary  to  generate  the  voltage  E  can  be 
calculated.  This  armature  will  be  provided  with  six  coils  or 
twelve  slots,  that  is,  one  slot  for  each  pole;  consequently 
all  the  conductors  may  be  considered  active  at  once,  and  we 
may  use  formula  617  to  determine  the  turns  T.  (See  also 
Art.  4086.) 


We  have  then 


or 

.1/.  /;.    n 


■^  _A:.UNTn 
10"       ' 


^  -  4.44XiVx«  ^^^^ '^ 
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The  voltage  to  be  generated  at  no  load  is  2,000,  the  fre- 
quency is  GO,  and  the  flux  iV  is  2,328,000;  hence  we  have 

2,000  X  100,000,000 


T=^ 


4.44  X  2,328,000  X  60 


322. 


41  33.  From  the  above  it  is  seen  that  we  must  place  as 
nearly  322  turns  on  the  armature  as  possible.  There  are 
twelve  slots,  or  six  coils;  hence  there  would  be  -f^  =  53.0 
turns  per  coil  and  53.6  conductors  in  each 
slot.  This  number  would  not  be  prac- 
ticable, since  we  should  arrange  the 
coils  so  that  they  will  wind  up  into  a 
number  of  layers  without  any  fractions 
of  turns.  We  must  therefore  arrange 
the  coils  to  give  the  required  number  of 
turns  as  nearly  as  possible,  and  then 
modify  the  length  of  the  turns,  so  that 
the  voltage  generated  will  not  be  altered. 
Suppose  we  arrange  the  coil  and  slot  as 
shown  in  Fig.  1620,  using  8  turns  of  the 


-ifc — H 
Fig.  1620. 

twin  conductor  in  each  layer,  and  having  7  layers  per  coil. 
This  will  give  56  turns  per  coil  and  56  conductors  per  slot. 

4134.  The  dimensions  of  the  slot  may  now  be  deter- 
mined from  the  known  number  of  conductors  that  are  to  be 
placed  in  it,  and  the  necessary  space  which  must  be  allowed 
for  insulation.  We  will  allow  .060  in.  or  60  mils  all  around 
for  the  paper  and  mica  tube  which  composes  the  slot  insula- 
tion, and  .040  in.  or  40  mils  for  lapping  around  the  coil.  In 
addition  to  this,  we  will  allow  for  6  layers  of  insulation,  10 
mils  thick  between  the  layers  of  the  coil.  This  will  mal:e 
the  necessary  width  of  the  slot 

7  X  .129  +  6  X  .010  +  2  X  .040  +  2  X  .060  =  1.163  in. 

The  necessary  depth  of  slot  will  be 

8  X  .243  +  2  X  .040+2  X  .060  =  2.144  in. 

In  order  to  be  sure  that  the  coil  will  slip  into  the  slot 
withovit  forcing  it,  and  also  to  compensate  for  any  slight 
roughness,  we  will  adopt  the  dimensions  shown  in  Fig.  1620, 
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namely,  1  ^\  in.  wide  by  2^^^  in.  deep.  We  will  make  the 
wooden  wedge  ^  inch  thick,  and  the  opening  at  the  circum- 
ference the  same  width  as  the  slot,  in  order  to  allow  the  coil 
to  be  slipped  easily  into  place. 

4135.  In  order  to  obtain  an  even  number  of  turns  per 
coil,  the  total  number  of  turns  has  been  increased  from  322, 
as  first  calculated,  to  33<3.  It  follows,  therefore,  that  if  the 
dimensions  of  the  armature  are  not  altered  in  any  way  to 
compensate  for  this  increase  in  the  number  of  conductors, 
the  machine  would  give  more  than  2,000  volts  when  run  at 
a  speed  of  600  revolutions  per  minute.  In  order,  therefore, 
to  keep  the  voltage  generated  the  same,  we  must  shorten  up 
each  conductor  a  small  amount,  so  that  the  poles  and  arma- 
ture core  will  also  be  shortened.  This  will  reduce  the  flux  iV, 
so  that  the  voltage  generated  by  the  33G  conductors  will 
be  2,000  volts.  The  final  length  of  armature  may  be 
obtained  as  follows: 

We  have         -V=^f/^'°'„:  (676.) 

and  in  this  case 

-,      2,000  X  100,000,000      „  ^^^  ^,,^ 
^=^     4.44X33CXW      =  ^-^^S-"""-  "-"'X- 

That  is,  in  order  to  keep  the  voltage  the  same,  the  flu.x  is 
reduced  from  2,328,000  to  2,235,000. 
The  area  per  pole  will  then  be 

A'  2,235,000       ,^  „         .  ,^^^  , 

air  gap  density  =     40,000    =  ^''^  ^^^  ^"-  ^«^^-> 

and  the  length  of  the  pole  and  armature  core  parallel  to  the 
shaft  will  be 

"'"         ''i  =  13.42  i«.  (678.) 


polar  arc      4.16 

It  will  thus  be  noticed  that  the  armature  core  is  shortened 
slightly,  thus  shortening  up  each  conductor  and  making  the 
length  of  active  -wire  the  same  with  the  336  conductors  as  it 
would  have  been  if  322  had  been  used.     We  will  therefore 
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take  13y'-g-  in.  as  the  final  value  for  the  length  of  the  core 
parallel  to  the  shaft  (see  /„,  Fig.  1G21). 

4136.     All    the   essential  dimensions   of    the  armature 

core  have  now  been  determined  except  the  diameter  of  the 

iVentiinthig  duct.    „  hole    in    the    disks.      This 

la      13h 


<9 


o 

c 

•8 


3  -* 
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inner  diameter  of  the  core 
5^  is  determined  by  the  cross- 
^  section  of  iron  which  must 
Hp  be  provided  to  carry  the 
,^  magnetic  flux  through  the 
Tj  armature    core    from    one 
*(  pole  to  the  next,  and  this 
S  cross-section    in    turn   de- 
C^  pends  upon  the  density  at 
e"  which  the  core  is  Avorked. 
■*  Fig.   1G21    shows  a   cross- 
ly section    of   the    core,   and 
Fig.  1621.                      I  Fig.    1622    shows    a    por- 
tion of  the  armature  lying  between  two  pole-pieces.      In 


Fig.  1622. 
order  to  determine  the  inside  diameter,  we  must  first  obtain 
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the  distance  ^<,,  or  the  depth  of  the  iron  below  the  bottom  of 
the  slots.  The  lines  of  force  flow  from  the  north  to  the 
south  pole,  as  shown  in  thq  figure,  and  it  will  be  seen  that 
the  number  of  lines  flowing  through  the  portion  a  b  under 
a  slot  is  one-half  the  total  number  flowing  from  the  pole- 
piece.  Hence  the  flux  through  the  armature  core  is  \  N. 
The  area  of  cross-section  of  iron  required  will  then  be 

Ac=^,  (679.) 

where  B^  is  the  magnetic  density  at  which  the  core  is 
worked.  We  will  take  the  value  of  B,.  as  30,000  lines  per 
square  inch.      (See  Art.  41 20.)     This  will  make 

.        ,       2,235,000       _„  ^^ 

This  is  the  area  of  cross-section  of  iron,  and  it  is  equal  to 
the  radial  depth  of  the  core  under  the  slots  {a  /?,  Fig.  1022) 
multiplied  by  that  length  of  core  parallel  to  the  shaft  which 
is  actually  occupied  by  iron.  The  over-all  length  of  the  core 
parallel' to  the  shaft  is  13^  in.,  but  part  of  this  is  taken  up 
by  the  insulating  varnish  and  paper  insulation  between  the 
disks,  as  well  as  the  portion  taken  up  by  the  air-ducts.  In 
the  present  case  we  will  provide  the  armature  with  four  air- 
ducts,  each  f  in.  wide,  as  shown  in  Fig.  1G21,  the  disks  being 
spaced  apart  this  distance  by  suitable  ribbed  brass  castings. 
These  four  ducts  will  therefore  occupy  a  linear  distance  of 
1^  in.,  leaving  13j'y  —  1^  or  11||-  in.  to  be  occupied  by  the 
iron  and  insulation  on  the  disks.  We  will  take  11^  in.  as  the 
actual  length  of  iron.     The  required  radial  depth  will  then 

37  25 
be  -zri-r  =  3.23  inches.     We  will  therefore  make  the  depth 
11.5 

of  iron  3^\  in.    (See  Figs.  1G21  and  1G22.)     The  total  depth 

of  the  slot  is  2f  J^  in.,  hence  the  total  radial  depth  of  the  disk 

is  211 4-  S^V  =  5i  in.,  and  the  inside  diameter  is  31f  —  2  X  Sj- 

=  20  in.     The  dimensions  of  the  disk  are,  therefore,  as  shown 

in  Fig.  1622.     There   are    twelve    slots   of   the   dimensions 

shown  in  Fig.  1620,  these  slots  being  spaced  equally  30°  apart. 
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CALCULATION  OF  ARMATURE  LOSSES. 
4137.  The  dimensions  of  the  armature  having  been 
determined,  it  is  now  necessary  to  calculate  the  losses  to  see 
if  the  armature  will  deliver  the  required  output  without  the 
losses  exceeding  the  allowable  amount.  We  will  first  calcu- 
late the  C"^  R  loss. 


4138.  The  resistance  of  the  armature  can  be  deter- 
mined quite  closely,  since  the  length  of  wire  on  it  can  be 
estimated  and  the  cross-section  is  already  known.  The 
length  of  wire  can  be  obtained  by  laying  out  one  of  the 
coils  to  scale  and  measuring  up  the  mean  length  of  a  turn. 
The  coil  has  to  bridge  over  the  distance  from  the  center  of 
a  north  pole  to  that  of  a  south  pole,  and  the  ends  of  the  coil 
must  be  rounded  out  so  as  to  clear  the  armature  core.  The 
coil   will   be  shaped   as   shown   in  Fig.  1G23.     The  straight 


-15 


Fig.  1623. 

portion  of  the  coil  will  be  made  15  in.  long,  in  order  to  allow 
the  coil  to  project  about  f  in.  from  the  slots  at  each  end 
before  it  begins  to  turn.  The  mean  turn,  shown  dotted,  is 
the  turn  through  the  center  of  the  coil.  Its  length  is  readily 
determined  from  the  drawing,  and  in  this  case  it  is  about 
54  inches.  The  total  length  of  conductor  on  the  armature 
will  therefore  be  54  X  336  =  18,144  in.,  or  1,512  ft. 

4139.     The  resistance  of  any   known   length  of  a  con- 
ductor may  be  found  as  follows: 


R== 


Lx  k 


in 


(680.) 
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where     L  =  the  length  of  the  wire  in  ftct ; 

k  =  the  resistance  of    one   mil-foot  of  the   wire  in 

ohms; 
;;/  =  the  area  of  cross-section  of  the  wire  in  circular 
mils. 

Note. — By  the  resistance  of  a  mil-foot  of  wire  is  meant  the  resist- 
ance which  one  foot  of  the  wire  would  have  if  it  were  1-5V5  inch  in 
diameter. 

The  numerator  L  X  k  gives  the  resistance  which  the 
given  length  of  wire  would  have  if  it  were  only  one  mil  in 
diameter,  that  is,  if  it  had  a  sectional  area  of  one  circular 
mil.  Since  the  resistance  is  inversely  proportional  to  the 
cross-section,  dividing  the  numerator  by  in  (the  circular 
mils  cross-section  of  the  conductor)  gives  the  resistance  of 
the  given  length  of  conductor.  The  resistance  of  one  mil-foot 
of  copper  wire  at  ordinary  temperature  is  about  10.4  to  10.6 
ohms.     Hence  we  may  write 

(cold)/?=^^^,  (681.) 

,     ,  -,        .  length  in  feet  X  10.4 

or  (cold)  resistance  =  -r-^^^^ — -. ; — . 

^         '  cir. mils  cross-section 

This  is  a  convenient  formula  for  calculating  the  cold 
resistance  of  any  copper  wire  of  which  the  length  and  cross- 
section  in  circular  mils  are  known.  It  is  more  generally 
useful  than  tables,  because  it  enables  the  resistanceof  a  con- 
ductor of  any  cross-section  (copper  bars  lor  example)  to  be 
calculated.  In  using  the  formula,  care;  must  always  be 
taken  to  have  the  length  /,  f-v>.,-,.^<,.(i  in  /"r*/,  because  the 
constant  10.4  is  the  resistai  inil-t'iot.      In  making 

calculations  connected  with  akcrnaiors,  transformers,  etc., 
we  are  usually  concerned  with  the  liot  resistance  or  the  re- 
sistance which  the  wire  attains  at  the  working  temperature 
of  the  machine.  This  hot  resistance  is  appreciably  higher 
than  the  resistance  at  ordinary  temperatures,  and  for  tem- 
peratures such  as  are  ordinarily  attained  we  may  take  the 
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value  of  the  resistance  of  a  mil-foot  as   11.5   ohms.      Hence 
we  may  write 

length  in  feet  X  11-5 


(hot)  resistance  == 


cir.  mils  cross-section' 


or  (hot)  R  =  ^-^^~^~-  (682.) 

Applying  this  to  the  armature  just  worked  out,  we  find 

We  will  take  the  resistance  as  ,7  ohm,  in  order  to  make 
some  allowance  for  the  resistance  of  the  connections  be- 
tween the  coils. 

41 40.  The  full-load  current  is  45.4  amperes;  hence  the 
C^  R  loss  at  full  load  will  be 

(45.4)'  X  .7  =  1,442  watts. 

This  shows  that  the  C^  R  loss  is  well  under  the  limit  of 
1,950  watts  and  that  the  armature  would  be  capable  of  de- 
livering a  little  over  45.4  amp.  without  the  C  R  loss  exceed- 
ing the  allowable  amount.  The  outer  cylindrical  surface  of 
the  armature  as  obtained  from  the  final  dimensions  is 

-  X  31|  X  13yV  =  1,343  sq.  in.,  nearly. 

This  allows  a  little  over  .9  sq.  in.  per  watt  C  R  loss  which 
should  be  an  ample  allowance  for  an  armature  of  this  type. 

4141.  The  hysteresis  loss  may  be  calculated  when  the 
volume  of  iron,  magnetic  quality  of  the  iron,  and  frequency 
are  known.      The  area  of  the  end  of  the  core  is 

i  -  (31.75"^  -  20'0  =  477.3  sq.  in.,  nearly. 

The  area  of  each  slot  is  about  3.4  sq.  in.,  and  the  total  area 
taken  out  by  the  slots  40.8  sq.  in.,  leaving  43G.o  sq.  in.  as 
the  area  of  the  disks.  The  actual  length  of  irojt  parallel  to 
the  shaft  is  11^  in.  (see  Art.  4136);  hence  the  volume  of 
iron  in  the  core  is 

436.5  X  11.5  =  5,020  cu.  in. 
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The  magnetic  density  in  the  core  is  30,000  lines  per  sq.  inch. 
Referring  to  curve  B,  Fig.  1584,  we  find  that  for  a  density 
of  30,000  the  loss  per  cubic  inch  per  100  cycles  is  ,375  watt. 
Hence  the  hysteresis  loss  in  watts  is 

.„        5,020  X  .375  X  60      .  ^„_ 
^-  = loo =  ^'^^^ 

4142.  The  eddy-current  loss  is  not  easily  obtained,  but 
the  combined  core  losses  in  this  case  would  likely  be  fully 
as  great  as,  if  not  greater  than,  the  C*  R  loss  of  1,442  watts. 
If  the  combined  losses  were,  say,  3,000  watts,  the  electrical 
efficiency  at  full  load  would  probably  be  in  the  neighborhood 
of  94  or  95^,  as  there  would  be  about  2  per  cent,  loss  in 
the  field  and  various  connections.  The  commercial  efficiency 
would  be  somewhat  less  than  this  on  account  of  the  bearing 
friction,  brush  friction,  etc. 


ARMATURE  WINDING  FOR  TWO-PHASE 
ALTERNATOR. 
4143.  The  armature  just  worked  out  has  been  designed 
to  deliver  a  single  current  at  2,000  volts  pressure.  Suppose 
it  were  desired  to  provide  this  armature,  or  rather  an  arma- 
ture of  the  same  general  dimensions,  with  a  winding  which 
would  deliver  two  currents  at  2,000  volts  pressure,  and 
differing  in  phase  by  90°.  We  could  use  a  two-phase  wind- 
ing similar  to  that  shown  in  Fig.  1526  in  the  section  on 
Theory  of  Alternating-Current  Apparatus.  We  would  have 
two  windings,  each  consisting  of  six  coils  connected  in  series, 
the  two  sets  being  displaced  90°  from  each  other  with  regard 
to  the  poles.  The  total  output,  as  before,  is  to  be  100  K.  W. ; 
hence  the  output  per  phase  will  be  50  K.  W.,  and  the  current 

in  each  phase  at   full  load  will  be  —       *^ —  =  22.7  amp. 

*,«00 

The  current  in  the  armature  conductor  is,  therefore,  one- 
half  of  that  in  the  single-phase  machine,  and,  using  the 
same  current  density,  we  may  make  the  conductor  up  of  a 
single  No.  9  wire  instead  of  two  in  multiple. 
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4144.  The  voltage  generated  in  each  phase  is  to  be 
2,000.  The  total  magnetic  flux  is  the  same,  since  the  size 
of  the  pole-pieces  and  armature  is  not  altered;  hence  the 
number  of  conductors  in  each  phase  must  be  336.  Each 
coil  on  the  two-phase  armature  will  tnerefore  consist  of  56 
turns  of  No.  9  B.  &  S.  wire,  provided  we  can  arrange  this 
number  satisfactorily  in  the  slot.  If  we  use  7  layers  with  8 
turns  per  layer,  we  will  have  a  slot  of  the  same  width  as 
before,  but  only  a  little  over  half  as  deep.  This  will  result 
in  a  slot  which  is  not  very  deep  compared  with  its  width, 
whereas  it  is  generally  better  to  have  the  slot  considerably 
greater  in  depth  than  in  width.  It  will  give  a  much  better 
proportioned  slot  if  we  use  only  5  layers, 
and  place  11  turns  in  each  layer,  or  55 
turns  per  coil  instead  of  56.  This  would 
lower  the  voltage  slightly,  but  we  will 
leave  the  dimensions  of  the  core  the 
same,  and  compensate  for  this  slight  de- 
crease by  strengthening  the  field  a  small 
amount.  In  other  words,  we  will  com- 
pensate for  the  decrease  in  the  number 
of  turns  by  increasing  N  so  that  E  will 
remain  the  same.  The  slot  may  then  be 
Fig.  1624.  arranged  as  shown  in  Fig.  1624.     Allow- 

ing the  same  amount  for  insulation  as  before,  we  have  the 
width  of  the  slot  equal  to 

5  X  .129  +  4  X  .010 +  2  X  .040+2  X  .060  =  .885  in. 

The  depth  of  the  slot  will  be 

11  X  .129  +  2  X  .040  +  2  X  .060=  1.619  in. 

We  will  therefore  make  the  slot  ff  in.  wide  and  If  in. 
deep.  As  this  coil  is  lighter  than  the  one  used  for  the  single- 
phase  armature,  we  will  allow  only  f  in.  for  the  wooden  wedge, 
and  make  the  upper  part  of  the  slot  as  shown  in  Fig.  1624. 
We  will  leave  the  inner  diameter  of  the  disk  the  same,  the 
cross-section  of  iron  being  slightly  greater  than  before,  on 
account  of  the  smaller  depth  of  the  slots.     The  disk  for  this 
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lr24Slot*. 


two-phase  armature  will  then  be  of  the  dimensions  shown  in 
Fig.  1625.  In  this  case  the  disk  is  provided  with  24  slots  of 
the  dimensions  shown  in  Fig.  1024,  there  being  12  slots  for 
each  phase. 

4145.  The  C  R  loss 
in  this  armature  would  be 
practically  the  same  as  that 
in  the  single-phase  arma- 
ture previously  calculated. 
The  resistance  of  each  phase 
will  be  about  double  the  re- 
sistance of  the  single-phase 
armature,  because  in  each 
phase  there  is  about  the 
same  length  of  wire  as  be- 
fore, but  this  wire  has  only 
one-half    the    cross-section  F'°-  ^*^-^- 

of  that  used  for  the  single-phase  machine.  We  may,  there- 
fore, take  the  resistance  per  phase  as  2  X  .7  or  1.4  ohms. 
The  C  R  loss  per  phase  will  be 

(22.7)'  X  1.4=721  watts, 

and  the  total  loss  in  the  two  phases  will  be  1,442  watts  as 
before.  The  radiating  surface  has  not  been  altered  in  any 
way,  so  that  the  two-phase  armature  should  deliver  its 
output  without  overheating.  The  core  losses  will  also  be 
about  the  same,  because  the  volume  of  the  core  and  the 
magnetic  density  have  not  been  altered  materially. 


ARMATURE    WINDING    FOR    THREE-PHASE 
ALTERNATOR. 

4146.  Suppose  it  were  desired  t<>  wind  the  above  arma- 
ture so  that  it  would  deliver  100  K.  W  t.  •  ;i  system  by  means 
of  three  currents  differing  in  phase  by  120°.  It  would  be 
necessary  to  supply  the  armature  in  this  case  with  three 
sets  of  coils  (see  Fig.  1533,  Theory  of  Alternating-Current 


2794  DESIGN  OF  ALTERNATING 

Apparatus)  displaced  from  each  other  120°  with  regard  to 
the  poles.  Each  set  would  consist  of  G  coils  connected  in 
series,  the  three  groups  being  connected  together  according 
to  either  the  Y  or  A  method  and  the  terminals  led  to  the  col- 
lector rings.  In  this  case  we  will  suppose  that  the  Y  method 
of  connection  is  used,  because  the  current  in  each  phase  is 
small  and  the  line  voltage  high.  By  adopting  the  Y  method, 
the  voltage  to  be  generated  per  phase  is  reduced,  thus  call- 
ing for  a  smaller  number  of  turns  per  coil  than  would  be 
required  if  the  armature  were  A  connected.  The  total  out- 
put, as  before,  is  to  be  100  K.W.  and  the  line  pressure  at  full 
lead  2,200  volts.     We  have  for  a  three-phase  machine 

watts  output  =  4/3  Cii, 

where  C  is  the  full-load  line  current  and  E  the  voltage 
between  the  lines  at  full  load.  (See  Art.  3992,  Theory 
of  Alternating-Current  Apparatus.)  For  the  present  case, 
we  have  therefore 

100,000  =  1/3^2,200, 

J.        100,000 

or  C  — — -=  =  20. 2  amp. 

2,200 -/S 

4147.  If  the  line  current  at  full  load  is  26.2  amp.,  the 
full-load  current  in  the  armature  conductors  must  also  be 
26. 2  amperes,  because,  in  a  Y-connected  armature,  the  current 
in  each  phase  is  the  same  as  the  line  current.  We  will  allow 
550  cir.  mils  per  ampere  as  before  to  get  an  approximate 
estimate  of  the  area  of  cross-section  of  conductor  required. 
This  gives 

550  X  26.2  =  14,410  cir.  mils. 

No.  9  wire  has  a  cross-section  of  13,090  cir.  mils,  while  No.  8 
has  a  cross-section  of  16,510  cir.  mils.  We  will  use  the  No.  8 
wire,  since  it  is  on  the  large  side,  and  will  thus  tend  to  make 
the  C^  R  loss  less.  The  diameter  of  this  wire  when  covered 
with  a  double  wrapping  of  cotton  will  be  about  .140  in. 
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4148.     The  line  voltage  at  no  load  is  to  be  2,000;  con- 
sequently the  voltage  generated  in  each  phase  will  be 

2,000 


i/3 


=  1,154  volts, 


because  the  armature  is  Y  connected. 
We  have  from  formula  670, 

^=  10°  ^^' 

where  E  is  the  voltage  at  no  load  generated  in  each  phase. 
In  this  case  the  constant  k  is  1,  because  we  are  using  a  con- 
centrated winding,  there  being  only  one  slot  for  each  pole 
and  phase.  7"  is  the  number  of  turns  in  each  phase.  The 
magnetic  flux  N  will  be  considered  the  same  as  before, 
because  the  dimensions  of  the  pole-pieces  and  armature 
have  not  been  altered.     We  have  then 


r= 


E  X  10" 


4.44  X  N  xn' 


(683.) 


or 


r= 


1,154  X  10" 


=  104  turns,  nearly, 


4.44  X  2,235,000  X  00 

These  194  turns  are  to  be  split  up  into  the  G  coils  constitu- 
ting one  phase.  We  can  use  32  turns  per  coil,  and  thus  have 
192  turns  in  each  phase  instead  of  194.  This  slight  decrease 
in  the  number  of  turns  could  be  com- 
pensated for  by  increasing  the  field 
strength  slightly.  The  three-phase 
armature  will  therefore  be  provided 
with  18  coils,  each  consisting  of  32 
turns  of  No.  8  wire.  These  coils  are 
to  be  divided  into  three  sets  of  6  coils, 
each  of  the  three  sets  being  connected 
up  Y. 

4149.     The  arrangement   of   the 
slot   which   would    probably   be    best  fig.  leae. 

adapted  to  this  number  of  turns  would  be  four  layers  with 
8  turns  per  layer  as  shown  in  Fig.  1626.     We  will  allow  the 
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same  thickness  of  insulation  as  in  the  previous  examples, 
thus  making  the  width  of  the  slot 

4  X  .140+3  X  .010  +  2  X  .040  +  2  X  .060  =  .790  in. 

The  depth  of  the  slot  will  be 

8  X  .140  +  2  X  .040  +  2  X  .060  =  1.320  in. 

We  will  therefore  adopt  the  dimensions  4f  in.  by  If  in.  as 
the  width  and  depth,  and  make    the  wedge  f  in.  thick,  as 

in  the  last  case.      Fig.  1627 
j^SGSiots.  shows  the  dimensions  of  the 

disk  for  this  machine.  It 
is  provided  with  36  slots, 
equally  spaced  and  of  the 
dimensions  shown  in 
Fig.  1626.  The  other  di- 
mensions of  the  disk  remain 
the  same  as  for  those  previ- 
ously calculated. 

41 50.  The  C  R  loss  for 
this  armature  should  not  dif- 
fer greatly  from  the  loss  cal- 
culated for  the  other  two. 
We  can  easily  make  an  approximate  estimate  of  the  C^  R  loss 
in  such  a  three-phase  armature  as  follows:  The  mean  length 
of  a  turn  will  be  very  nearly  the  same  as  that  obtained  for  the 
single-phase  machine,  because  the  angular  distance  which  the 
coils  span  remains  the  same  and  the  length  of  the  armature 
core  has  not  been  altered.  There  might  possibly  be  a  slight 
increase  in  the  length,  owing  to  the  shape  which  has  to  be 
given  to  the  ends  of  some  of  the  coils  in  order  to  allow  them 
to  pass  each  other  at  the  ends  of  the  armature  (see  Fig.  1607), 
but  it  will  be  suflficiently  accurate  to  take  the  length  of  a 
turn  the  same  as  before,  namely,  54  inches,  for  the  present 
purpose.     The  total  length  of  conductor  in  each  phase  will  be 


Fig.  1C27. 


54  X  192 
12 


864  ft. 
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The  hot  resistance  of  each  phase  will  therefore  be 

864  X  11.5        _^    , 

=  .60  ohm. 

16,510 

The  current  in  each  phase  at  full  load  is  26.2  amp.  Hence 
the  C^ R  loss  in  each  phase  will  be 

(26.2)'  X  .00  =  412  watts,  nearly. 

We  will  take  the  loss  in  each  phase  at,  say,  500  watts,  in 
order  to  allow  for  the  loss  due  to  the  resistance  of  the  con- 
nections. The  total  loss  in  the  armature  would  therefore 
be  1,500  watts,  or  about  the  same  as  for  the  other  armatures. 
The  radiating  surface  is  the  same  as  in  the  other  two  cases, 
so  that  this  armature  should  deliver  100  K.  W.  within  the 
specified  temperature  limit.  The  core  losses,  as  before, 
would  remain  nearly  the  same,  since  the  volume  of  iron  has 
not  been  changed  appreciably. 

4151.  The  three-phase  armature  might  have  been 
designed  for  a  A  winding,  in  which  case  each  phase  would 
be  provided  with  a  sufficient  number  of  turns  to  generate 
2,000  volts.     The  current  in  the  conductor  would,  however, 

26  2 

be  only  — '—,  or  15.1  amperes;  so  that  while  the  number  of 

|/3 

turns  has  to  be  increased,  the  cross-section  of  the  conductor 
may  be  decreased  in  the  same  ratio,  and  the  size  of  armature 
slot  would  be  about  the  same  in  either  case. 

4152.  The  above  calculations  for  single,  two,  and 
three  phase  armatures  have  all  been  made  upon  the  supposi- 
tion that  uni-coil  or  concentrated  windings  were  used.  The 
method  of  designing  the  armature  when  distributed  wind- 
ings are  used  is,  in  general,  the  same,  with  the  e.xception 
that  the  formula  giving  the  relation  between  the  E.  M.  F., 
flux,  and  turns  has  to  be  modified  to  suit  the  style  of  arma- 
ture winding  used.  The  effect  of  using  distributed  windings 
has  already  been  pointed  out,  and  calculations  in  connection 
with  such  windings  will  be  given  in  connection  with  induc- 
tion-motor design. 


2798 


DESIGN  OF  ALTERNATING 


COMPLETED    ARMATURES. 

4153.  Fig,  1G28  shows  a  finished  armature  with  col- 
lector rings.  This  armature  has  a  concentrated  winding,  as 
indicated  by  the  small  number  of  large  slots  around  its  cir- 
cumference.     The  wooden  wedges  for  holding  the  coils  in 


Fig.  1638. 


place  are  shown  at  w,  and  c  are  the  ventilating  ducts  for 
allowing  a  circulation  of  air  through  the  core.  The  cast- 
brass  shields  s  are  supported  from  the  armature  spider  and 


Fig.  lian. 

are  used  to  protect  the  projecting  ends  of  the  coils.  The 
armature  is  shown  complete  with  the  collector  rings  r  and 
the  rectifier  /.  Fig.  1629  shoAvs  a  large  three-phase  arma- 
ture with  a  distributed  winding.      It  will  be  noticed  that  this 
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armature  has  a  large  number  of  narrow  slots  and  is  similar 
in  appearance  to  a  continuous-current  armature,  except  for 
the  absence  of  the  commutator  and  its  connections.  The 
ends  of  the  bars  rest  on  the  spider  flanges  and  are  held  down 
by  the  bands  a.  The  disks  are  carried  by  the  spider  d  and 
are  clamped  up  by  the  end  plates  c.  The  copper  bars  if,  d 
are  the  connections  between  the  winding  and  the  collector 
rings.  It  will  be  noticed  that  this  armature  is  not  provided 
with  a  rectifier,  because  this  style  of  armature  is  of  such  low 
inductance  that  the  machine  can  be  made  to  regulate  closely 
enough  without  the  use  of  a  set  of  series  coils  on  the  field. 


DESIGN    OF    FIELD-MAGXETS. 

41 54.  Stationary  field-magnets  for  alternators  are  gen- 
erally constructed  in  about  the  same  way  as  those  for  multi- 
polar continuous-current  machines,  the  main  difference 
being  the  large  number  of  poles  with  which  an  alternator 
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Flo.  1630. 

field  is  usually  provided.  The  design  almost  universally 
adopted  for  stationary  fields  consists  of  a  circular  yoke  a  of 
cast  iron  or  steel,  Fig.  1630,  provided  with  a  number  of 
poles  d  projecting  radially  inwards  towards  the  armature 

»/.  /■.    /I.    ;.; 
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The  field  is  usually  made  in  halves,  so  that  the  upper  part  a 
may  be  removed  to  give  access  to  the  armature.  The  lower 
half  b  is  very  often  cast  with  the  base  of  the  machine, 
especially  in  machines  of  moderate  size.  In  larger  machines 
the  lower  half  is  cast  separately  and  provided  with  projec- 
tions c,  c,  by  means  of  which  it  is  bolted  to  the  bed.  The 
halves  are  held  together  by  means  of  the  bolts  e.  Some 
makers  build  fields  of  this  description  which  are  divided  on 
the  vertical  diameter,  allowing,  the  halves  to  be  separated 
sideways,  in  order  to  get  at  the  armature.  In  some  small 
machines  the  yoke  is  made  in  one  piece  and  the  machine  so 
arranged  that  the  armature  may  be  drawn  out  endways. 

4155.  The  pole-pieces  used  with  these  stationary  fields 
are  usually  straight ;  that  is,  they  are  not  provided  with  pole 
shoes  or  polar  projections  of  any  kind.  Pole  shoes  are  not 
usually  necessary,  because  the  length  of  the  polar  arc  is  gen- 
erally small.  Some  of  the  older  types  of  machines  were 
provided  with  cast-iron  pole-pieces  cast  with  the  yoke,  but 
most  modern  machines  have  wrought-iron 
pole-pieces  built  up  out  of  plates  and  cast 
welded  into  the  yoke.  Fig.  1631  shows  a 
form  of  cast-iron  pole-piece  which  has 
been  used  considerably.  This  is  a  straight 
pole-piece  b  cast  with  the  yoke  a.  In  or- 
der to  prevent  eddy  currents  being  set  up 
in  the  pole-pieces  by  the  changes  of  mag- 
netism in  the  pole  face  due  to  the  coarse 
teeth  and  slots  of  the  armature  sweeping 
past  it,  the  surface  of  the  pole  is  broken 


Fig.  1631.  yp  |-,y  ^  number  of  thin  U-shaped  pieces 

of  sheet  iron  c  cast  into  the  pole.  This  limits  the  paths  in 
which  the  eddy  currents  flow,  and  thus  cuts  down  the 
heating  of  the  poles  due  to  them.  Cast-iron  poles  can  not 
be  worked  at  a  magnetic  density  much  over  30,000  or 
35,000  lines  per  square  inch,  and  there  is  always  more 
or  less  loss  in  the  polar  surface  due  to  eddy  currents.  In 
order,   therefore,   to  do  away  with    this   eddy-current    loss 
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and  to  permit  the  use  of  a  higher  magnetic  density,  lami- 
nated wrought-iron  pole-pieces  have  come  largely  into  use. 
Fig.  1632  shows  a  common  form  of  this 
type  of  pole.  The  pole  is  built  up 
of  soft  iron  stampings  b,  which  are 
clamped  together  between  the  end 
plates  d,  d  by  means  of  the  bolts  c^  c. 
This  built-up  pole-piece  is  cast  into  the 
yoke  a.  The  plates  used  for  these 
poles  are  usually  from  -^^  in.  to  \  in.  in 
thickness.  If  the  bolt  at  the  inner 
end  of  the  pole-piece  is  very  near  the 
end  of  the  pole,  it  should  be  lightly 
insulated  by  a  paper  tube,  otherwise 
it  may,  by  short-circuiting  the  plates,  allow  eddy  currents 
to  flow.  The  length  of  these  pole-pieces  parallel  to  the 
shaft  is  made  equal  to  thie  corresponding  length  of  the 
armature  core.  The  breadth  of  the  pole  w  is  determined 
by  the  polar  arc  which  the  pole  has  to  span.  It  will  be 
noticed  in  passing  that  the  cross-section  of  these  pole-pieces 
is,  in  general,  rectangular,  or  nearly  so,  and  the  field  coils 
are  therefore  nearly  rectangular.  Circular  field  coils  and 
field  cores  which  are  so  common  with  direct-current  machines 
are  seldom  met  with  on  alternators,  because  the  width  of 
the  pole  IV  is  generally  small  compared  with  the  length  of 
the  armature. 


FIG.  1632. 


4156.  The  yoke  a  b,  Fig.  1630,  is  nearly  always  made 
of  cast  iron.  The  magnetic  flux  through  the  yoke  of  an 
alternator  is  usually  small,  and  as  the  yoke  has  to  have  con- 
siderable cross-section  to  make  it  strong  enough  mechanically 
in  any  event,  there  is  no  object  in  using  cast  steel  to  make 
the  cro.ss-section  small,  as  is  frequently  done  in  the  case  of 
direct-current  machines.  Usually  the  yoke  is  worked  at  a 
low  density  in  order  to  give  sufficient  cross-section  to  make 
it  strong  enough  mechanically.  The  shape  of  the  cross- 
section  is  largely  a  matter  of  design,  so  long  as  the  requisite 
area   of   iron    is    provided.      Fig.    1G33    {a)    shows   a   plain 
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rectangular  section  with  rounded  corners ;  {b)  shows  a  section 
which  is  frequently  used,  the  well-rounded  corners  and  the 
elliptical  back  giving  the  yoke  a  more  graceful  appearance 

than  the  plain  rectangu- 
lar section.  Fig.  1G33  {c) 
shows  a  section  which  is 
commonly  used.  In  this 
case  the  yoke  is  provided 
with  flanges  which  make 
it  stiff,  and  which  also 
give  the  yoke  a  solid  ap- 
pearance, although  the  cross-section  of  metal  in  it  may  be 
quite  small  (see  Fig.  1630).  Fig.  1G33  {d)  shows  a  flanged 
construction  with  the  flanges  moved  in  from  the  edge  of  the 
yoke.  The  breadth  of  the  yoke  is  usually  somewhat  greater 
than  the  length  of  the  pole-pieces  parallel  to  the  shaft,  so 
that  the  yoke  will  partially  cover  the  ends  of  the  field  coils. 


(c) 


Fig.  1C33. 


REVOLVING    FIELDS. 

4157.  A  number  of  different  constructions  are  used  for 
revolving  fields,  depending  upon  the  methods  adopted  for 
furnishing  the  field  excitation.  A  common 
type  is  that  in  which  the  radial  pole-pieces 
are  bolted  to  a  cast  steel  or  iron  rim,  each 
pole-piece  being  provided  with  an  exciting 
coil,  as  in  the  case  of  the  stationary  field  just 
described.  Fig.  1634  shows  a  pole-piece  and  ^'*^-  ^''^^• 
coil  for  this  type  of  field.  The  pole  a  is  built  up  out  of 
sheet-iron  plates  and  secured  by  the  bolt  c  to  the  ring  b, 
which  is  carried  on  the  spokes  of  the  field 
spider.  The  projections  on  the  pole  serve 
to  hold  the  coil  in  place.  In  some  cases 
the  poles  are  made  straight  and  the  coil 
held  in  place  by  projecting  lugs  on  the 
Fig.  1635.  end  clamping  plates.      Fig.  1635  shows  a 

similar  pole-piece,  the  plates  in  this  case   being  dovetailed 
into  the  field  ring  as  well  as  bolted. 
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4158.  Revolving  fields  are  sometimes  built  so  as  to 
require  only  one  exciting  coil  for  all  the  poles.  A  field  of 
this  type  is  shown  in  Fig.  1G3G.  The  exciting  coil  c  is  cir- 
cular. The  field  casting  is  in  two  parts  a  and  b^  held  together 
by  bolts/",  and  each  casting  has  a  crown  of  6  poles,  as  shown. 


- 


When  current  is  sent  through  the  coil,  lines  of  force  thread 
through  it;  all  the  projections  ^/attached  to  one  side  being, 
say,  north  poles  and  all  those  attached  to  the  other  side 
south  poles.  This  construction  is  apt  to  give  rise  to  more 
magnetic  leakage  than  the  type  with  radial  pole-pieces  and 
individual  field  coils;  also,  since  the  coil  c  is  large  and  heavy, 
it  is  more  difficult  to  repair  in  case  of  breakdown  than  the 
smaller  coils  used  on  the  other  type  of  field.  This  construc- 
tion, however,  enables  a  multipolar  field  to  be  made  with  a 
very  small  number  of  parts,  and  is  on  this  account  desirable. 


FIBLD-MAGXKT    COII.S. 

4159.  Field-magnet  coils  arc  wound  on  spools  con- 
structed similar  to  those  used  for  the  field  coils  for  continu- 
ous-current machines.  These  spools  are  made  so  as  to  slip 
over  the  pole-pieces,  and  are  usually  held  in  place  by  pins 
projecting  from  the  pole  or  by  cap  bolts  screwed  throutrh 
lugs  projecting  from  the  end  flanges  of  the  spool.  Fig. 
shows  an  end  elevation  and  a  cross-sectional  view  of  a  spool 
of  the  style  commonly  used.     The  shell  b  is  made  of  heavy 
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sheet  iron  and  is  flanged  up  at  the  ends,  so  that  it  may  be 
riveted  or  soldered  to  the  brass  end-  flanges  a,  a.      These 


— p ^ 


I 


Fig.  1637. 

flanges  are  usually  recessed  and  provided  with  ribs  to  make 
them  stiff  and  at  the  same  time  secure  lightness.     The  ends 

of  the  spool  are  rounded  out  as 
shown,  so  as  to  give  clearance  for 
the  heads  of  the  bolts  which  clamp 
the  pole-pieces  together.  In  design- 
ing field  coils  and  spools,  care  must 
be  taken  to  see  that  the  depth  of 
winding  is  not  made  such  that  the 
coils  will  interfere  with  eaeh  other  when  they  are  placed  on 
the  poles,  and  sufficient  clearance  must  be  provided,  as  at  «, 
Fig.  1638. 


Fig.  1638. 


Fig.  1639. 


Fig.  1640. 


41 60.     Field  coils  are  usually  wound  with  double  cotton- 
covered  magnet  wire,  though  in  some  large  machines  copper 
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strip  is  used.  When  field  coils  are  provided  with  two  sets 
of  windings  (separately  excited  and  series),  the  coils  may  be 
arranged  on  the  spool,  one  on  top  of  the  other,  as  shown  in 
Fig.  1G39,  or  side  by  side,  as  in  Fig.  1640.  The  construc- 
tion shown  in  Fig.  1040  is  the  better,  because  it  admits  of 
higher  insulation  and  allows  one  coil  to  be  repaired  in  case 
of  breakdown,  without  disturbing  the  other. 


INSULATION  OF  FIELD  COILS. 

4161.  In  many  cases  the  fields  are  excited  by  coils 
which  are  provided  with  only  one  winding  excited  from  a 
separate  continuous-current  machine.  The  exciter  voltage 
in  such  cases  is  usually  low,  and  it  is  unnecessary  to  take 
any  unusual  precautions  in  insulating  the  spools,  as  the 
maximum  pressure  tending  to  break  down  the  insulation 
would  not  likely  exceed  one  or  two  hundred  volts.  Such 
spools  may  therefore  be  insulated  in  the  same  way  as  those 
for  ordinary  continuous-current  machines. 

4162.  Where  the  spools  are  provided  with  two  wind- 
ings, the  series  winding  is,  in  many  cases,  in  direct  connec- 
tion with  the  armature,  thus  carrying  the  high  potential  to 
the  field  coils  and  subjecting  the  insulation  to  a  large  stress. 
Such  windings  must  be  thoroughly  insulated,  not  only  from 
each  other,  but  also  from  the  spools.  Figs.  1030  and  1040 
show  the  methods  of  insulating  these  coils.  The  shell  is 
( overed  with  several  layers  a  of  paper  and  mica  interleaved, 
the  insulation  between  the  coils  in  Fig.  1039  being  also  of 
the  same  material.  The  end  insulations  b,  b  and  insulation  d 
between  the  coils,  Fig.  1640,  are  made  either  of  heavy 
collars  of  paper  and  mica,  or  of  hardwood  veneer  treated  with 
oil  or  other  insulating  material.  Every  precaution  should 
be  taken  to  make  the  insulation  of  these  spools  high,  as  they 
are  liable  to  be  subjected  to  just  as  high  a  voltage  as  the 
armature  windings. 
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DESIGN  OF  FIELD. 
4163.  We  will  illustrate  the  method  of  obtaining  the 
field  dimensions  by  working  out  the  design  of  a  field  suit- 
able for  the  single-phase  armature  previously  calculated. 
This  field  will  be  of  the  radial  pole  type  shown  in  Fig.  1630, 
the  pole-pieces  being  of  wrought  iron,  as  shown  in  Fig.  1632. 


BORB  OF  POLES  AND  LENGTH  OF  AIR-GAP. 

4164.  Before  proceeding  with  the  design  of  the  field, 
we  must  decide  upon  the  length  of  air-gap  to  be  used.  It 
was  shown  in  connection  with  continuous-current  machines 
that  for  any  given  armature  it  was  necessary  to  have  a  cer- 
tain length  of  air-gap,  otherwise  the  armature  would  react 
on  the  field  so  as  to  cause  sparking  when  the  machine  was 
loaded.  It  has  also  been  shown  that  the  general  effect  of 
the  armature  reaction  in  an  alternator  is  to  weaken  the  field. 
If  we  wish  an  alternator  to  give  good  regulation,  we  can  cut 
down  the  effect  of  the  armature  on  the  field  by  using  a  large 
air-gap,  and  on  this  account  it  is  quite  common  to  find 
alternators  provided  with  an  air-gap  which  is  much  larger 
than  is  necessary  for  mechanical  clearance.  A  short  gap 
would  have  the  advantage  of  requiring  only  a  small  amount 
of  magnetizing  power  on  the  field  to  setup  a  given  flux; 
but,  on  the  other  hand,  it  would  allow  the  armature  to  react 
strongly,  the  actual  length  of  air-gap  used  not  being  deter- 
mined from  considerations  of  the  sparking  limit  as  it  is 
in  the  case  of  direct-current  machines.  For  belt-driven 
machines  up  to  250  or  300  K.  W.,  f  in.  to  ^  in.  may  be  taken 
as  fair  values  for  the  length  of  the  double  air-gap.  If  the 
gap  is  made  very  large,  of  course  a  large  amount  of  exciting 
power  is  required,  so  that  it  does  not  pay  to  increase  the 
length  of  the  gap  much  beyond  the  values  given  above. 
For  large  direct-connected  machines,  the  gap  necessary  for 
mechanical  clearance  will  usually  be  found  sufficient  to 
make  the  machine  perform  well  electrically. 
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4165.  For  the  machine  under  consideration,  we  may, 
therefore,  make  the  double  air-gap  f  in.  and  the  bore  of  the 
pole-pieces 

31f  +  f  =  32^  inches. 

The  poles  cover  50^  of  the  armature,  and  the  length  of 
the  arc  will  be 

TT  X  bore  of  poles  X  .5  (f^Hd.  \ 

No.  of  poles  '  \  ') 

r  X  32.125  X  .0        .  ^  . 
or  arc  = — =  4.2  m. 

The  distance  between  the  sides  of  the  pole  will  be  about 
4|  in.,  as  shown  in  Fig.  1641.  The  length  of  the  pole-piece 
parallel  to  the  shaft  will  be  the  same  as 
the  length  of  the  armature  core,  13^^  in. 


C^ 


4166.  All  dimensions  of  the  pole- 
pieces  are  now  known  except  their 
radial  depth  /,  Fig.  1641.  The  pole- 
piece  must  be  made  long  enough  to 
accommodate  the  winding  without 
making  it  too  deep.  Short  pole-pieces  result  in  a  yoke  of 
small  diameter  and  a  correspondingly  light  machine.  On 
the  other  hand,  the  spool  winding  has  usually  to  be  deep 
when  short  spools  are  used.  The  depth  of  winding  may  not 
only  be  limited  by  the  space  between  the  poles,  but  deep 
windings  are  objectionable  on  account  of  their  liability  to 
overheat  and  the  -larger  amount  of  copper  required  for 
them.  If,  however,  the  cores  are  made  longer  than  is 
necessary,  the  winding  is  made  unnecessarily  shallow  and 
the  yoke  of  large  diameter,  thus  making  the  machine  heavy 
and  the  magnetic  circuit  long.  In  machines  of  the  type  under 
consideration,  the  length  of  the  pole-piece  is  usually  from 
If  to  2^  times  as  long  as  it  is  wide.  For  a  trial  value,  we 
will  therefore  take  8  inches  as  the  length  /.  This  can  later 
be  increased  or  decreased  slightly  to  suit  the  windings,  if 
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found  necessary.  We  will  also  allow  f  in.,  as  shown  in 
Fig.  1641,  for  the  thickness  of  the  flat  part  on  the  inside  of 
the  yoke  against  which  the  coils  rest.  This  will  make  the 
inside  diameter  of  the  yoke 

32i  +  16  +  f  =  48|  in. 


MAGNETIC  FLUX  THROUGH  POLE-PIECES  AND  YOKE. 

4167.  The  magnetic  flux  which  passes  through  the 
armature  from  one  pole-piece  is  N.  A  certain  number  of 
the  lines  leak  across  from  one  pole-piece  to  the  other  with- 
out passing  through  the  armature;  hence,  in  order  to  get  N 
lines  in  the  armature,  we  must  have  N^^  lines  in  the  pole-piece 
where  y  is  the  coefficient  of  magnetic  leakage  for  the  field 
frame.  The  coefficient  of  leakage  is  generally  somewhat 
greater  for  alternators  than  for  direct-current  machines, 
because  the  poles  are  usually  fairly  close  together  and 
expose  quite  a  large  surface  from  which  leakage  may  take 
place.  The  larger  the  air-gap  compared  with  the  leakage 
path  between  the  poles,  the  greater  will  be  the  amount  of 
leakage,  since  the  lines  always  flow  by  the  path  offering  the 
least  resistance.  The  coefficient  of  leakage  also  varies  with 
the  size  of  the  machine,  being  smaller  for  large  machines 
than  for  small  ones,  and  may  have  values  ranging  from  2  to 
1.3  or  less  in  very  large  machines.  We  will  take  the  coeffi- 
cient of  leakage  for  the  machine  under  consideration  as  1.4. 

4168.  The  useful  flux  N  from  one  pole  is  in  the  present 
case  2,235,000  lines.  The  flux  through  each  pole-piece  will 
therefore  be 

Ny  =  2,235,000  X  1.4  =  3,129,000. 

The  magnetic  density  in  the  field  cores  will  be 

-J        flux  through  core  r^^csr  \ 

■'  cross-section  ' 

3,129,000       ..  ,.^,. 

=  rr. hr^  =  56,400  Imes  per  sq.  in. 

4iXl3y'g- 

It  will  be  noticed  that  this  density  is  well  below  that  point 
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at  which  wrought  iron  begins  to  saturate,  so  that  the  sec- 
tional area  of  the  pole-pieces  as  determined  by  the  polar  arc 
is  ample  for  carrying  the  magnetic  flux. 

4169.  The  magnetic  flux  through  the  yoke  is  one-half 
that  through  the  pole-piece,  because  the  lines  divide,  one 
half  flowing  in  one  direction  and  the  other  half  in  the  other 
direction.  The  number  of  lines  flowing  through  the  cross- 
section  of  the  yoke  is  therefore 


N^      3,129,000 


2 


2 


=  1,504,500, 


and  the  required  cross-section  of  the  yoke  will  be 

(686.) 


.   flux  through  yoke 

' ""  allowable  density  in  yoke 


B„ 


where  B„  is  the  magnetic  density  at  which  the  yoke  is 
worked.  The  yoke  density  is  usually  low,  as  explained  in 
Art.  4156,  the  yoke  being  made  of  cast  iron.  We  will 
take  30,000  lines  per  square  inch  as  the  allowable  value  of 
B„,  thus  giving  for  the  required  cross-section 


A  = 


1,564,500 
30,000 


=  52.1  sq.  in.,  nearly. 


We  will  make  the  yoke  17  in.  wide,  so  as  to  allow  it  to 
project  over  the  pole-pieces  at  each  end.  If  we  made  the 
yoke  rectangular  in  sec- 
tion, as  shown  by  the 
dotted  outline,  Fig.  1G42, 
the  thickness  of  the  yoke 
would  have  to  be  about 
3jig^  in.  to  give  the  requi- 
site cross-section.  In- 
stead of  using  the  rectangular  shape,  we  will  iiu  rease  the 
thickness  at  the  center  to  4  in.  and  round  olT  llie  yoke  as 
shown,  so  as  to  keep  the  area  about  the  same.  This  will  give 
a  heavier-looking  yoke,  and  one  which  will  present  a  better 
appearance  generally  than  that  with  a  rectangular  section. 


Fig.  1(M-3. 
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CALCULATION  OF  FIELD  AMPERE-TURNS. 
4170.  Since  the  dimensions  of  the  field  frame,  arma- 
ture, and  air-gap  are  now  known,  and  the  magnetic  densities 
in  these  different  parts  are  also  known,  the  ampere-turns 
required  to  set  up  the  magnetic  flux  can  be  calculated.  In 
order  to  do  this,  it  is  best  to  consider  one  of  the  simple 


Fig.  1643. 

magnetic  circuits  shown  by  the  dotted  line  a-b-c-d-c-f^ 
Fig.  1G43.  This  path  is  made  up  of  a  portion  of  the  yoke, 
two  pole-pieces,  the  double  air-gap,  and  the  portion  of  the 
armature  core  shown.  The  dotted  line  represents  the 
length  of  the  average  path  through  which  the  lines  flow, 
and  the  ampere-turns  supplied  by  the  separately  excited 
coils  on  the  two  poles  must  be  sufficient  to  set  up  the  mag- 
netic flux  around  this  path.   We  may,  then,  for  convenience 
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In  making  calculations,  split  up  the  ampere-turns  required 
for  the  whole  circuit  into  the  following  parts: 

1.  Ampere-turns  required  for  the  double  air-gap  r^Z-j-  c  f. 

2.  Ampere-turns  required  for  the  circuit  through  the  two 
pole-pieces  b  c  -\-  a  f. 

3.  Ampere-turns  required  for  the  path  through  the 
yoke  a  b. 

4.  Ampere-turns  required  for  the  path  through  the  arma- 
ture d  e. 

4171.  The  effective  area  of  cross-section  of  the  air- 
gap  through  which  the  lines  N  flow  will  be  taken  as  about 
equal  to  the  area  of  the  pole  face.  The  lines  will  fringe  to 
some  extent  at  the  edges  of  the  pole,  thus  actually  increasing 
the  effective  area  slightly.  The  area  is,  however,  cut  down 
somewhat  by  the  air-ducts  in  the  core,  so  that  this  will  tend 
to  counterbalance  any  increase  in  area  due  to  fringing. 
We  will  therefore  assume  that  the  density  is  as  taken  in 
Art.  4131 ,  namely,  40,000  lines  per  square  inch.  The  perme- 
ability of  air  is  1  and  the  total  length  of  air-gap  is  f  in. ; 
hence  we  have 

.               ,                   .      ,^       ,      .,      .                 40,000  X. 375 
Ampere-turns  required  for  double  air-gap  = = 

4,700,  nearly. 

4172.  The  magnetic  density  in  the  pole-pieces  has 
already  been  determined  and  found  to  be  50,400  lines  per 
sq.  in.  The  length  of  path  through  the  two  pole-pieces  is 
2  X  8  =  16  in.  By  referring  to  Fig.  1354  in  the  section  on 
Dynamo- Electric  Machine  Design,  Continuous-Current,  we 
find  that  it  requires  about  11  ampere-turns  per  inch  of  length 
to  set  up  a  density  of  56,4(M)  liius  per  square  inch  through 
wrought  iron.      Hence  we  have 

Ampere-turns  required  for  tiehl  roies  ^  IL  x  lO  =  ITtl. 

4173.  The  yoke  has  been  made  of  such  cross-section 
that  the  density  in  it  is  30,000  lines  per  square  inch.  The 
length  of  the  path  a  b  through  the  yoke  can  be  scaled  from 
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the  drawing,  and  in  this  case  is  about  14^  in.  For  a  den- 
sity of  30,000  lines  per  square  inch,  the  ampere-turns 
required  per  inch  of  length  for  cast  iron  are  about  43. 
Hence  we  have 

Ampere-turns  required  for  yoke  =  43  X  14^  =  623.5. 

4174.  The  armature  has  been  made  of  such  cross- 
section  that  the  density  in  the  core  is  about  30,000  lines  per 
square  inch.  The  length  of  the  path  through  the  core  can 
be  obtained  from  the  drawing,  and  in  this  case  is  about  12 
inches.  The  ampere-turns  required  per  inch  of  length  for 
wrought  iron  at  this  density  will  be  about  8.      Hence 

Ampere-tu/ns  required  for  armature  core  =  8  X  12  =  96. 

4175.  The  total  ampere-turns  which  must  be  supplied 
by  one  pair  of  the  separately  excited  field  coils  will  be  the 
sum  of  the  ampere-turns  required  for  the  different  parts  of 
the  magnetic  circuit;  hence 

Total  ampere-turns  =  4,700  +  176  +  623.5  -f  96  =  5,595.5, 
say  5,596. 

The  student  will  note  that  because  the  magnetic  densities 
in  the  iron  parts  of  the  circuit  are  low,  and  also  because  the 
lengths  of  the  different  paths  are  short,  the  ampere-turns 
required  for  the  iron  part  of  the  circuit  are  small  compared 
with  those  required  for  the  air-gap,  which  has  a  high  mag- 
netic reluctance.  The  ampere-turns  required  for  the  arma- 
ture core  might  in  many  cases  be  neglected  without  serious 
error.  It  follows  from  this  that  if  it  is  found  necessary 
later  to  lengthen  or  shorten  the  pole-pieces  slightly,  in  order 
to  accommodate  the  winding,  the  corresponding  resulting 
change  in  the  ampere-turns  required  will  not  be  appreciable. 


CALCULATION   OF   SEPARATELY   EXCITED   WINDIIVG. 

4176.  Having  determined  the  ampere-turns  to  be  sup- 
plied by  each  pair  of  separately  excited  coils,  the  next  step  is 
to  design  a  winding  for  these  coils  which  will  supply  the 
required  number  of  ampere-turns.  The  size  of  wire  required 
can  readily  be  determined  when  the  mean  length  of  a  turn 
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and  the  voltage  across  the  coils  are  known.  In  order  to  get 
at  a  value  for  the  mean  length  of  a  turn,  we  must  adopt  a 
trial  value  for  the  depth  of  the  winding.  Suppose  we  make 
the  spool  flanges  1^  in.  deep,  as  this  will  give  a  spool  of 
dimensions  well  suited  to  the  field  shown  in  Fig.  164.3,  allow- 
ing plenty  of  clearance  space  between  the  coils  when  they 
are  slipped  over  the  poles.  The  clearance  between  the  shell 
and  field  core  will  be,  say,  -^^  i"-  ^^^  around,  and  we  will 
allow  -j'j  in.  on  each  side  for  the  thickness  of  the  shell  and 
insulation.  The  series  and  separately  excited  coils  will  be 
arranged  side  by  side,  as  shown  in  Fig.  1040.  We  will  have 
a  clear  depth  of  winding  of  1  inch,  allowing  for  clearance 
and  insulation  as  above.  The  shape  of  the  spool  will  be  as 
shown  in  Fig.  1637,  and  the  mean  length  of  a  turn  can  read- 
ily be  measured  off  the  drawing.  In  this  case  the  mean 
length  of  a  turn  will  be  about  41  in,  or  3^  ft. 

4177.  The  separately  excited  coils  are  connected  in 
series,  so  that  the  voltage  across  any  pair  6i  coils  will  be  the 
voltage  across  all  the  coils  divided  by  the  number  of  pairs  of 
poles  on  the  machine.  The  voltage  applied  to  the  separately 
excited  field  is  equal  to  the  voltage  generated  by  the  exciter 
less  whatever  drop  there  may  be  in  the  regulating  rheostat. 
Let  E  represent  the  E.  M.  F.  generated  by  the  exciter  and  e 
the  drop  in  the  rheostat.  The  pressure  applied  to  one  pair 
of  coils  will  then  be 

E-e 


2 

here  P  = 

=  number  of 

poles; 

r 

'Z{E-e) 
P       ' 

The  current 

in 
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field  will  be 

C  = 

E. 

M. 

2iE-e) 
F.             P 

resis.  A' 

where  R  is  the  resistance  of  a  pair  of  spools 


(687.) 
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But  the  resistance  R  oi  a  pair  of  spools  may  be  expressed 
as  follows: 

^^Lxtx  11^  (688.) 

where        /^  =  mean  length  of  a  turn  in  feet; 

/  =  number  of  turns  on  a  pair  of  spools; 
in  —  circular  mils  cross-section  of  field  wire. 

Substituting  in  formula  687  the  value  of  R  as  given  by 
688,  we  get 

r-       2  (^  -  r)  m  /ftOQ\ 

P 

Y  X  /,„  X  /  X  (Tx  11.5 

and  m  =  


px  Lx  ^  X  Cx  11.5 


(690.) 


where  /  is  the  number  of  pairs  of  poles  on  the  machine. 
The  values  of  the  quantities  /  and  C  are  not  known  sepa- 
rately, but  their  product  is  known,  since  it  is  the  ampere- 
turns  supplied  by  one  pair  of  spools.      Hence  we  may  write 

cir.  mils  cross-section  of-separately  excited  field  wire  = 

No.  of  pairs  of  poles  X  mean  length  of  a  turn  in  ft.  X  amp.-turns  X  11-5 

voltage  of  exciter  —  drop  in  field  rheostat 
Or, 

T/ie  cross-section  in  circular  mils  of  tJie  wire  necessary  for 
the  separately  excited  zuinding  of  an  alternator  is  foimd  by 
taking  the  product  of  the  number  of  pairs  of  poles ^  the  mean 
length  of  a  turn  iii  feet^  the  ampere-turns  supplied  by  one  pair 
of  spools,  and  the  hot  resistance  of  1  mil-foot  of  copper,  and 
dividing  by  the  voltage  of  the  exciter  less  the  drop  through  the 
field  rheostat. 

The  size  of  wire  could  be  worked  out  equally  well  by  con- 
sidering the  ampere-turns  supplied  by  all  the  coils  instead  of 
a  single  pair,  and  taking  the  total  voltage  instead  of  the 
voltage  across  a  pair  of  spools.      It  is  best,  however,  to  make 
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the  calculations  with  reference  to  a  pair  of  spools  in  order 
to  avoid  confusion,  because  the  ampere-turns  were  calcu- 
lated for  a  pair  of  spools. 

4178.  The  exciter  voltage  E  is  commonly  110  volts, 
though  higher  voltages  are  sometimes  used  with  large 
machines.  The  use  of  110  volts  is  common,  because  it  per- 
mits the  use  of  an  ordinary  110-volt  incandescent  dynamo 
as  an  exciter.  We  will  assume  that  the  field  for  which  we 
are  making  calculations  is  supplied  from  a  110-volt  exciter, 
and  that  the  normal  drop  in  the  rheostat  is  10  volts.  This 
will  make  the  pressure  across  the  twelve  field  coils  100  volt? 
total.     We  have  then 

.,        0  X  H  X  5,590  X  11.5       ,^  ,^„ 
cir.  mils  =  — — i^ -^— =  13,192. 

The  nearest  size  to  this  is  No.  9  B.  &  S.  having  a  cross- 
section  of  13,090  cir.  mils.  We  will  therefore  adopt  this  size 
of  wire  for  the  separately  excited  field,  the  slight  difference  in 
cross-section  being  compensated  for  by  cutting  out  a  little 
of  the  rheostat  resistance. 

4179.  The  current  density  in  the  field  should  be  con- 
siderably lower  than  in  the  armature,  because  the  field  wind- 
ings are  deeper  and  the  heat  is  not  so  easily  dissipated.  The 
current  in  the  separately  excited  winding  is  about  the  same, 
no  matter  what  load  the  alternator  is  carrying,  and  in  this 
respect  is  not  like  the  current  in  the  series  coils,  which  varies 
with  the  load.  For  these  reasons,  it  is  not  safe  to  allow 
much  less  than  1,000  or  1,200  circular  mils  per  ampere 
in  the  separately  excited  winding,  and  in  cases  where  the 
winding  is  very  deep  a  larger  allowance  than  this  may  be 
required.  In  the  present  case  we  will  take  1,100  cir.  mils  per 
amp.  as  a  fair  value,  thus  limiting  the  current  to  ViW^  = 
11.9  amp. 

41 80.  With  a  field  current  of  11.9  amperes,  the  number 

5  596 
of  turns  required  per  pair  of  spools  will  be    '        :=  472  turns, 

1/.  /;.    i\ .    hG 
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nearly.  Each  coil  should  then  have  236  turns  of  No.  9  B.  &  S. 
double  cotton-covered  wire.  The  diameter  of  this  wire  over 
the  insulation  will  be  about  126  mils,  and  if  the  coil  is  wound 
in  8  layers,  the  depth  of  winding  will  be  1.008  in.,  so  that  an 
8-layer  winding  will  fit  the  1-inch  winding  space  on  the  spool. 
(See  Art.  41 76.)  If  we  use  30  turns  to  a  layer,  we  will  have 
240  turns  per  spool.  This  is  an  increase  of  4  turns  over  the 
number  actually  required,  but  it  will  be  better  to  use  this 
winding  than  to  have  an  uncompleted  layer,  since  the  differ- 
ence is  so  small.  The  length  of  winding  space  occupied  by 
the  coil  will  be  30  X  .126  =  3.78  in.,  or,  say,  3|-  in.,  so  as  to 
be  sure  of  enough  room.  The  separately  excited  coil  will 
therefore  be  wound  with  8  layers  of  No.  9  wire  with  30  turns 
per  layer,  the  winding  space  occupied  being  3|-in.  long  and 
1  in.  deep.  With  480  turns  per  pair  of  spools,  the  required 
field  current  would  be  reduced  to  ^-^-^  =  11.7  amp.,  nearly. 
The  upper  coil  S,  Fig.  1644,  shows  the  arrangement  of  this 
field  coil  on  the  spool. 


COMPOUND   OH   SERIES  FIELD   WINDING. 

4181.  The  compound  winding  must  provide  a  sufficient 
number  of  ampere-turns  to  compensate  for  the  falling  off  in 
voltage  at  the  terminals  due  to  the  resistance  of  the  armature 
and  the  combined  effects  of  armature  inductance  and  arma- 
ture reaction.  The  compound  winding  must  also  provide 
the  ampere-turns  necessary  for  any  increase  in  terminal 
voltage  in  cases  where  the  machine  is  to  be  overcompounded. 
The  calculation  of  the  compound  winding  depends  to  a  large 
extent  upon  data  obtained  from  machines  of  a  similar  type. 
Its  determination  for  a  machine  of  new  type  is  always  more 
or  less  experimental. 

4182.  The  current  which  is  led  through  the  series 
winding  is  first  rectified,  as  explained  in  former  articles,  and 
as  the  current  increases  in  proportion  to  the  load,  the  field  is 
strengthened  proportionally,  provided  the  magnetic  circuit 
is  not  saturated.     This  is  usually  the  case  with  alternators, 
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so  that  we  may  assume  that  any  change  in  the  field  current 
is  accompanied  by  a  corresponding  change  in  the  field 
strength.  It  is  not  usual  to  send  the  whole  of  the  current 
around  the  series  fields;  part  of  it  is  shunted  through  a 
German-silver  resistance,  by  varying  which  the  amount  of 
compounding  can  be  varied.  This  allows  a  considerable 
adjustment  of  the  series  coils,  so  that  their  effect  upon  the 
performance  of  the  machine  can  be  varied  through  a 
wide  range  without  changing  the  series  winding  in  any 
way.  Sometimes  the  whole  current  is  not  rectified,  a  portion 
of  it  being  shunted  around  by  means  of  a  resistance  connected 
to  the  two  sides  of  the  rectifier.  In  this  case  the  shunt  has 
to  revolve  with  the  armature,  and  is  usually  mounted  on  the 
armature  spider.  Revolving  shunts  are  generally  used  on 
machines  of  any  considerable  size,  as  they  avoid  the  difficulty 
of  commutating  a  large  current.  Compound  coils  are  only 
necessary  on  the  fields  of  machines  which  have  high  arma- 
ture inductance  or  resistance,  or  on  machines  which  have 
to  give  a  considerable  rise  in  voltage  from  no  load  to  full 
load.  Other  types  of  machines  can  be  made  to  give  suffi- 
ciently good  regulation  by  the  use  of  separately  excited 
coils  only. 

4183.  The  drop  in  the  armature  is  easily  calculated 
when  the  armature  resistance  is  known,  as  it  is  equal  to 
the  product  of  the  armature  resistance  and  the  full-load 
current.  In  this  case,  therefore,  the  armature  drop  will  be 
45.4  X  .7  =  31.78  volts. 

4184.  The  machine  is  to  supply  2,000  volts  at  no  load 
and  2,200  volts  at  full  load;  the  compound  winding  must 
therefore  strengthen  up  the  field  sufficiently  to  generate  this 
200  additional  volts,  as  well  as  the  31.78  volts  required  to 
overcome  the  resistance  of  the  armature.  If  there  were  no 
armature  inductance  or  armature  reaction,  the  total  volts 
which  would  have  to  be  generated  at  full  load  would  be 
about  2,232.  The  ampere-turns  supplied  by  two  separately 
excited  coils  (i.  e.,  5,590)  are  sufficient  to  generate  2,000  volts; 
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hence, if  the  above  conditions  were  attained, the  ampere-turns 
on  the  field  at  full  load  would  have  to  be  ff|f  X  5,596  =  6,245, 
and  the  ampere-turns  which  would  be  supplied  by  the  series 
coils  would  be  6, 245  —  5, 596  =  649,  or  about  325  on  each  spool. 
For  a  machine  of  this  kind,  however,  this  would  represent 
only  a  very  small  part  of  the  series  ampere-turns  which 
would  actually  be  required,  because,  in  the  first  place,  the 
field  is  liable  to  be  weakened  by  the  reaction  of  the  armature, 
and,  secondly,  a  large  E.  M.  F.  has  to  be  generated  to  force 
the  current  through  the  armature  against  its  inductance. 
In  machines  of  this  type  the  compound  ampere-turns  may 
be  as  much  as  f  or  more  of  the  ampere-turns  supplied  by  the 
separately  excited  coils.  In  the  present  case,  therefore,  we 
will  design  each  spool  so  that  it  will  be  capable  of  supply- 
ing about  2,500  ampere-turns.  If  this  should  prove  to  be 
somewhat  more  than  is  actually  required,  it  can  easily  be 
cut  down  by  allowing  more  current  to  flow  through  the 
shunt. 

4185.  We  will  assume  that  70^  of  the  current  at  full 
load  flows  through  the  series  coils,  the  remaining  '30^  flowing 
through  either  the  revolving  or  stationary  shunts.  This 
will  make  the  current  in  the  series  coils  45.4  X  .70  =  31.78, 
say  32  amp.,  nearly.  The  number  of  turns  required  for  each 
series  coil  will  then  be  -f|—  =  78.4  turns. 

4186.  The  current  density  in  the  series  coils  should  be 
about  the  same  as  that  in  the  separately  excited  windings. 
If  we  allow  1,100  circular  mils  per  ampere,  as  before,  we  get 
a  cross-section  of  32  X  1,100=35,200  circular  mils.  Two 
No.  8  wires  in  parallel  give  33,020,  while  two  No.  7  wires  give 
41,640.  We  will  adopt  the  conductor  made  up  of  two  No.  8 
wires,  because  the  current  in  the  series  coils  is  not  apt  to  be 
continuously  at  32  amperes,  and  we  can  therefore  afford  to 
use  a  cross-section  which  is  a  little  on  the  small  side.  The 
outside  diameter  of  No.  8  wire  with  cotton  insulation  is 
about  .140  in. ;  hence  in  a  winding  space  1  inch  deep  we  can 
place  7  layers.      If  we  use  11  turns  per  layer,  we  will  have  77 
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turns  per  coil,  and  can  compensate  for  the  slight  decrease  in 
the  calculated  number  of  turns  (78.4)  by  changing  the  shunt 
a  little,  so  as  to  cause  a  correspondingly  larger  amount  of 
current  to  flow  through  the  coils.  Each  turn  consisting  of 
two  wires  in  parallel  will  occupy  a  length  along  the  winding 
space  of  .280  in.,  and  11  turns  will  take  up  a  space  of  .280  X  11 
=  .'5.080  in.,  say  3 J  in.  We  will  allow  -^  in.  at  each  end 
for  the  hardwood  insulating  collars,  thus  making  the  total 
axial  length  taken  up  by  the  windings  and  insulation  3^  -|- 
3*  + 


iS" 


about  ^ 


m><<: 


95 


=  7y^,.  in.  The  brass  flanges  on  the  spools  will  be 
in.  thick,  so  that  the  total  space  taken  upon  the 
pole-piece  will  be  7fV  +  4^=:8i'g^  in.  The  radial  length  of 
the  pole-piece  as  originally 
assumed  was  8  in. ;  it  will 
therefore  be  necessary  to 
lengthen  out  the  poles  a 
little,  in  order  to  accommo-  sp^^S-i 
date  the  spool,  and  increase 
the  diameter  of  the  yoke 
correspondingly.  It  is  best 
to  have  the  pole  project  be- 
yond the  spool  flange  a  lit- 
tle, as  it  keeps  the  flanges 
away  from  the  armature 
and  makes  it  easier  to  fasten 
the  spools  in  place.  We 
will  therefore  make  each 
pole-piece  8f  in.  long  in- 
stead of  8  in.  Fig.  1644  shows  a  section  of  the  spool 
with  both  windings  in  place.  The  pole-piece  is  indi- 
cated by  the  dotted  outline.  This  change  in  the  length 
of  the  pole-piece  will  make  the  inside  diameter  of  the 
yoke  49|  in.,  and  the  outside  diameter  57f  in.,  as  shown 
in  Fig.  1643,  where  the  final  dimensions  are  encircled 
by  rings.  The  spools  are  held  in  place  on  the  poles  by 
pins  (not  shown  in  the  figure),  which  are  fi.xed  in  the 
pole-pieces  so  as  to  prevent  the  coils  slipping  down  on  to 
the  armature. 


*f 
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LOSS    IN    FIELD    COILS. 

4187.  The  loss  in  the  field  coils  should  be  determined, 
in  order  to  see  if  sufficient  radiating  surface  is  provided  to 
dissipate  the  heat.  The  resistance  of  the  twelve  separately- 
excited  coils  will  be 

J,        12X  240X  11.5  Xf^       o^,     , 
A.  = ^^^^ =  8.G4  ohms. 

The  CR  loss  in  the  separately  excited  coils  will  therefore 
be  (11.7)'  X  8. 04  =  1,183  watts,  nearly. 

4188.  The  resistance  of  the  twelve  series  coils  is 

„       12  X  77  X  11.5  X  fi       ,  ,     , 
^- 33;020 ^  =  l-l«hms. 

The  C^R  loss  in  the  series  coils  will  therefore  be  (32)''  X  1.1 
=  1,126  watts. 

4189.  The  total  loss  in  the  field  will  be  2,309  watts,  or 
about  2.3^  of  the  output.     This  is  the  maximum  loss  when 
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Fig.  1645. 

the  machine  is  working  at  its  full  output.      The  average 
field  loss  would  probably  not  be  over  2^  of  the  output,  as 
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the  loss  in  the  series  coils  would  not  be  as  high  as  1,12G  watts 
all  the  time.  The  loss  per  coil  will  be  -8-^|?-=  192  watts. 
The  surface  of  each  coil  (not  counting  the  ends)  is  about 
350  sq.  in.  This  area  is  obtained  by  multiplying  the  per- 
imeter of  the  coil  as  obtained  from  the  drawing  by  the  length 
of  the  coil  along  the  pole-piece.  This  area  gives  an  allow- 
ance of  1.8  sq.  in.  of  surface  per  watt,  which  is  sufficient 
to  ensure  a  rise  in  temperature  not  exceeding  40°  C.  As 
far  as  heating  goes,  the  design  of  the  winding  is  therefore 
satisfactory. 

41 90.  The  curve  shown  in  Fig.  1045  gives  the  relation 
between  the  average  field  C^R  loss  and  the  output  for  alter- 
nators of  good  design.  For  a  100  K.  W.  machine  the  aver- 
age loss  is  about  1.7^,  and  as  the  average  loss  in  the  field 
designed  would  probably  not  exceed  2^,  we  may  consider  the 
design  of  the  field  satisfactory  as  regards  efficiency. 


MECHANICAL    CONSTRUCTION. 


FIELD   FRAME  AND   BED. 

4191.  Fig.  1G40  shows  the  field  frame  with  bed  and 
bearings  for  the  machine  designed,  and  will  serve  to  illus- 
trate the  general  method  of  construction  used  for  machines 
of  this  type.  In  this  case  the  field  is  shown  as  a  separate 
casting  bolted  to  the  base,  but,  as  mentioned  before,  many 
machines  are  constructed  with  the  lower  half  of  the  field  cast 
with  the  base.  Where  the  machine  is  of  large  size,  it  becomes 
difficult  to  cast  the  field  and  bed  together,  and  the  construc- 
tion shown  is  usually  adopted  in  such  cases.  The  field  is 
usually  set  down  into  the  bed  as  shown,  as  this  lowers  the 
center  of  gravity  of  the  machine  and  tends  to  make  it  run 
steadier.  The  distance  between  the  centers  of  bearings  is 
determined  by  the  over-all  length  of  the  armature  and  the 
space  taken  up  by  the  collector  rings.  The  bed  itself  is 
almost    e.xactly   similar    to    the    beds   used    for   multipolar 
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continuous-current  machines ;  it  is  made  hollow  and  provided 
with  ribs  to  ensure  stiffness.  The  thickness  of  metal  in  the 
bed  will  vary  from  about  ^  in.  or  f  in.  up  to  1:^^  or  1^  in.  for 
machines  varying  in  size  from  about  50  K.  W.  to  500  K.  W. 
Self-oiling  bearings  of  the  ring  type  are  used  almost  exclu- 
sively. These  bearings  have  already  been  described  in 
connection  with  continuous-current  machines.  The  bearing 
pedestals,  as  shown  in  Fig.  1046,  are  cast  with  the  base, 
though  in  many  large  machines  it  is  common  practice  to 
cast  them  separately  and  bolt  them  to  the  bed.  The  bearing 
cap  and  pedestal  is  grooved  at  a  a  to  receive  the  rocker- 
arm,  which  carries  the  rectifier  brushes.  Some  makers  place 
the  rectifier  and  collector  rings  outside  the  bearing  and  bring 
the  connecting  wires  through  the  shaft;  in  such  cases  the 
outside  end  of  the  bearing  cap  and  pedestal  has  to  be  grooved 
to  receive  the  rocker-arm.  Machines  of  the  type  shown  are 
usually  arranged  so  that  they  can  be  mounted  on  rails  in  the 
same  manner  as  continuous-current  machines. 


I 


COLLECTOR  RINGS  AND  RECTIFIER. 

4192.  One  of  the  distinguishing  features  of  an  alter- 
nator is  the  arrangement  by  which  the  current  is  collected. 
The  commutator  of  the  continuous-current  machine,  which 
is  usually  made  up  of  a  large  number  of  parts,  is  replaced, 
in  a  simple  alternator,  by  two  or  more  plain  collector 
rings.  In  case  the  alternator  is  compound  wound,  the  com- 
mutator is  replaced  by  two  or  more  collector  rings  in  com- 
bination with  a  rectifier.  Although  there  are,  in  general,  a 
small  number  of  parts  connected  with  a  collector  as  compared 
with  a  commutator,  the  mechanical  construction  of  the  col- 
lector must  be  carefully  carried  out,  because  it  is  necessary 
in  most  cases  to  secure  high  insulation.  Fig.  1647  shows  a 
construction  which  may  be  used  for  simple  collector  rings. 
Such  a  pair  of  rings  would  be  suitable  for  a  single-phase 
alternator  with  a  separately  excited  field  winding  only. 
The  same  construction  could  be  used  for  separately  excited 
two-phase   or    three-phase    machines,    the   only   differ«Mi.-<' 
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being  in  the  number  of  rings  employed.  The  rings  r,  r  are 
made  of  cast  copper,  which  must  be  free  from  blow-holes  or 
imperfections  tending  to  cause  uneven  wear.  These  rings 
are  usually  made  heavier  than  is  necessary  for  collecting 
and  carrying  the  current,  in  order  to  make  them  strong 
mechanically  and  to  allow  for  wear.  Care  must  be  taken  to 
have  the  rings  very  thoroughly  insulated  from  each  other 
and  from  the  shaft,  when  the  rings  are  used  with  a  revolv- 
ing armature.  Revolving-field  collectors  are  not  usually 
subjected  to  high  potentials,  and  unusual  precautions  do  not 
need  to  be  taken  to  effect  their  insulation.  Fig.  1647  shows 
the  construction  used  for  rings  which  are  subjected  to  a 
pressure  of  about  2,000  volts.  The  rings  are  cast  with  a 
hub  b,  which  supports  the  rings  by  means  of  the  spokes  c. 
The  insulation  ^between  the  disks  is  usually  made  of  either 
red  fiber  or  hard  rubber,  the  latter  being  preferable,  espe- 
cially for  high  potentials.  These  insulating  disks  should  be 
at  least  \  in.  thick,  in  order  to  keep  them  from  breaking 
easily,  and  they  should  also  project  some  distance  above  the 
surface  of  the  rings,  in  order  to  avoid  any  danger  of  the 
current  arcing  over  from  one  ring  to  the  other.  The  insula- 
ting washers  and  collector  rings  are  assembled  on  a  shell  r, 
made  either  of  cast  iron  or  brass,  the  latter  being  preferable 
for  collectors  of  small  size.  This  shell  is  thoroughly  insu- 
lated with  several  layers  of  mica,  and  the  assembled  collector 
is  clamped  firmly  in  place  by  means  of  the  nuty^and  washer^. 
When  the  collector  is  of  large  diameter,  it  is  usually 
clamped  up  by  means  of  bolts  instead  of  the  nut/".  The 
connections  to  the  rings  are  made  by  two  copper  studs  //, 
which  pass  through  the  back  of  the  shell  and  connect  to  each 
of  the  rings  by  being  screwed  into  one  of  the  spokes  as 
shown.  These  studs  are  heavily  insulated  throughout 
their  length  by  tubes  made  of  mica  or  hard  rubber.  After 
the  terminals  of  the  armature  winding  have  been  attached 
to  the  studs,  all  exposed  parts  should  be  heavily  taped  to 
avoid  any  danger  of  arcing  from  one  terminal  to  the  other. 
Where  the  studs  pass  through  the  back  of  the  shell,  they  are 
insulated  by  thick  hard-rubber  bushings  k. 
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4193-  The  dimensions  of  the  rings  are  determined 
quite  as  much  by  mechanical  considerations  as  by  the 
current  which  they  are  to  collect.  The  surface  of  the  rings 
should  be  wide  enough  to  present  sufficient  collecting 
surface,  and  they  should  be  thick  enough  to  allow  for  a 
reasonable  amount  of  wear.  Such  rings  should  collect  at 
least  200  amperes  per  square  inch  of  brush  contact  surface. 
This  assumes  that  copper  brushes  are  used,  which  is  gener- 
ally the  case  with  alternators.  Carbon  brushes  are  used 
chiefly  to  suppress  sparking  in  connection  with  continuous- 
current  machines,  consequently  they  do  not  have  any  great 
advantage  over  copper  in  connection  with  alternators,  and 
are  therefore  but  little  used.  Carbon  brushes,  if  used,  would 
require  about  three  times  the  collecting  surface  allowed  for 
copper.  The  rings  should  not  be  made  of  too  large  diame- 
ter, or  the  rubbing  velocity  between  the  brush  and  ring  will 
be  high,  thus  tending  to  cause  uneven  wear  and  cutting. 
On  the  other  hand,  if  the  rings  are  made  of  very  small 
diameter,  they  must  be  made  wide  to  present  sufficient  col- 
lecting surf-ice,  thus  necessitating  the  use  of  wide  brushes. 
If  a  large  collecting  surface  is  required,  it  is  best  to  use  a 
ring  of  moderately  large  diameter,  and  use  several  brushes 
on  each  ring.  From  1,500  to  2,500  ft.  per  minute  are  fair 
values  for  the  peripheral  speed  of  collector  rings  for  belt- 
driven  machines.  The  rings  shown  in  Figs.  1G47  and  I'U^ 
are  10  in.  in  diameter. 

4194.  For  compound-wound  machines,  it  is  necessary 
to  have  a  rectifier  in  addition  to  the  collector  rings.  The 
rings  and  rectifier  are  usually  built  up  together,  though 
some  makers  mount  them  on  the  shaft  separately.  Fig.  1648 
shows  a  combined  pair  of  collector  rings  and  rectifier 
suitable  for  the  single-phase  machine  designed.  The  rings 
are  made  10  in,  in  diameter  and  l:i^  in.  wide,  the  construc- 
tion used  being  the  same  as  that  already  described.  The 
rectifier  is  made  up  of  two  castings,  each  having  six  sections, 
those  belonging  to  one  casting  being  marked  a,  and  those 
belonging  to  the  other,  d.     These  two  castings  are  separated 
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by  the  mica  collar  c,  and  mica  insulation  is  provided  between 
the  segments  a  and  b,  as  in  a  regular  continuous-current 
commutator.  One  set  of  segments  connects  to  one  of  the 
collector  rings  through  the  hubs,  as  shown  at  d.  The  other 
rectifier  casting  is  connected  to  the  stud  e,  which  is  in  turn 
connected  to  one  terminal  of  the  armature  winding.  The 
other  stud  is  connected  to  the  remaining  collector  ring. 
The  details  of  construction  will  be  understood  by  referring 
to  the  drawing,  as  they  are  almost  identical  with  those 
described  in  connection  with  Fig.  1G47. 


BRUSHES  AND  BRUSH  HOLDERS. 

4195.  Copper  brushes  are  generally  used  for  the  reasons 
given  in  Art.  4193.  Copper  leaf  or  wire  brushes  similar 
to  those  used  for  direct-current  machines  are  generally 
employed.  It  is  best  to  have  at  least  two  brushes  for  each 
collector  ring,  though  this  is  hardly  as  essential  as  with 
direct-current  machines,  because  collector-ring  brushes  do 
not  need  as  much  attention  while  the  machine  is  running  as 
those  used  with  commutators;  for  this  reason  a  large  num- 
ber of  machines  are  built  with  only  one  brush  for  each 
collector  ring.     Two  or  more  brushes  should,  however,   be 

used  for  each  termi- 
nal of  the  rectifier, 
because  these  brush- 
es are  liable  to  need 
more  or  less  adjust- 
ment while  the  ma- 
chine is  running. 
The  holders  used 
should  be  so  designed 
that  the  copper  brush 
will  press  on  the 
rings  at  an  angle  of 
about  45°.  Any  good  form  of  copper  brush  holder  used  on 
continuous-current  machines  will  answer  equally  well  for 
an  alternator.      Such  a  holder  should  be  arranged  so  that 


Fig.  1649. 
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the  brushes  may  be  lifted  from  the  commutator  and  held 
off,  and  the  pressure  of  the  brush  on  the  ring  should  be 
easily  varied.  The  pressure  of  the  brush  on  the  ring  may 
be  provided  by  making  the  brush  itself  act  as  a  spring,  or 
the  holder  may  be  provided  with  a  spring,  the  tension  of 
which  is  adjustable.  Fig.  1649  shows  a  simple  type  of 
holder  which  has  been  used  considerably  on  alternators. 
The  brush  is  made  long  enough  between  the  holder  h  and 
the  ring  r  to  render  it  flexible  and  allow  it  to  follow  any 
unevenness  of  the  surface.  The  pressure  on  the  ring  can  be 
varied  by  changing  the  position  of  the  holder  on  the  stud 
by  means  of  the  clamp  5".  One  advantage  of  this  style  of 
holder  is  that  the  current  has  no  loose  contact  surfaces 
to  pass  through  between  the  brush  to  the  brush-holder  stud. 


BRUSH-HOLDER  STUDS. 

4196.  Brush-holder  studs  follow  the  same  general 
design  as  those  used  for  continuous-current  machines, 
special  care  being  taken  to  have  them  very  well  insulated. 

6  h 


Fig.  1650. 


Fig.  1050  shows  a  common  type  of  stud  and  the  method 
used  for  insulating  it.  The  brass  stud  a  is  circular  in  cross- 
section  and  is  provided  with  a  shoulder  g,  which  clamps 
against  a  washer  //.  The  stud  is  insulated  from  the  rocker- 
arm  by  a  heavy  hard-rubber  bushing  /and  washers  b.     The 
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hard-rubber  bushing  /  is  let  into  the  washers  b^  as  shown, 
in  order  to  break  up  the  path  by  which  the  current  tends 
to  jump  from  the  stud  to  the  supporting  casting.  The 
sharp  corners  of  the  casting  should  also  be  removed,  as 
shown  at  in.  The  cable  terminal  d  is  clamped  between  the 
washer  c  and  the  nut  e.     Fig.  1651  shows  another  method 
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Fig.  1651. 

which  is  sometimes  used  for  mounting  and  insulating 
brush-holder  studs.  A  hard-rubber  tube  a  fits  tightly- 
over  the  stud  b  and  completely  covers  it  except  at  the  points 
where  the  brush  holders  and  cable  connections  are  placed. 
The  brush-holder  stud  is  clamped  to  the  rocker-arm,  as 
shown,  by  means  of  the  cap  c  and  the  cap  bolts  d.  Con- 
nection is  made  to  the  cable  at  the  end  of  the  stud.  This 
construction  gives  very  good  insulation  between  the  stud 
and  the  rocker,  because  the  insulation  is  unbroken  and  no 
path  is  open  for  the  current  to  jump  across  unless  it  punc- 
tures the  tube  itself. 

4197.  The  studs  which  carry  the  rectifier  brush  holders 
should  be  mounted  on  a  rocker-arm,  so  that  they  may  be 
adjusted,  with  reference  to  the  field,  in  the  same  manner  as 
the  brushes  of  a  direct-current  machine.  The  studs  for  the 
collector-ring  brushes  may  be  carried  on  the  same  rocker- 
arm,  or  may  be  mounted  on  a  stationary  stand  bolted  to  the 
bed  of  the  machine.  The  collector-ring  brushes  do  not 
have  to  occupy  any  definite  position  relatively  to  the  field; 
hence  it  is  not  necessary  that  they  should  be   mounted  on 
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the  rocker-arm,  though  this  is  very  often  done  for  the  sake 
of  convenience  and  cheapness  of  construction.  The  angular 
distance  between  the  arms  of  the  a' 

rocker  carrying  the  rectifier  studs 
will  depend  on  the  number  of  poles, 
on  the  machine.  Suppose  Fig.  1653 
represents  the  rectifier  for  the 
twelve-pole  machine  worked  out. 
All  the  light  sections  belong  to  one 
casting  and  the  dark  ones    to   the  fig.  lesa. 

other.  The  angular  distance  from  center  to  center  of  seg- 
ments is  30°.  When  one  set  of  brushes  is  on  a  light 
segment,  the  other  set  must  be  on  a  dark  segment;  hence 
the  brushes  might  occupy  the  position  c  and  t/'.  This, 
however,  would  bring  the  brushes  too  close  together,  and 
we  will  place  the  rocker-arms  so  as  to  make  them  as  far 
apart  as  possible,  and  still  have  them  conveniently  located. 
We  will  therefore  place  the  rdcker-arms  carrying  these 
brush-holder  studs  150°  apart,  thus  bringing  the  brushes 
into  the  position  c,  d. 


rn 


Fig.  1C53. 

4198.     Fig.   1653  shows  a  rocker-arm  suitable  for  the 
single-phase    machine    designed.     The  arms  <7,  b  are   150° 
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apart,  and  carry  the  rectifier  studs,  the  arms  r,  d  for  the 
collector-ring  studs  being  carried  on  the  same  rocker.  The 
hub  e  is  bored  to  fit  the  groove  in  the  bearing  cap,  and  the 
rocker  is  made  in  halves,  as  shown,  so  as  to  be  easily- 
removable,  and  held  together  by  bolts  g^  g.  The  lug/"  is 
tapped  out  to  receive  a  handle,  which  serves  both  to  shift 
the  rocker  and  clamp  it  in  any  desired  position  by  screwing 
it  down  against  the  seat  on  which  the  rocker  moves. 


^z9~- 
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SHAFTS. 

4199.  Shafts  for  alternators  are  designed  according  to 
the  same  rules  as  those  for  direct-current 
machines,  and.  what  has  been  said  of  them 
in  the  section  on  Dynamo-Electric  Machine 
Design  (Continuous-Current)  applies  equally 
well  here.  These  shafts  are  usually  made 
larger  than  the  size  called  for  by  the  power 
to  be  transmitted.  Stiffness  is  an  essential 
feature  of  all  armature  shafts,  and  in  order 
to  secure  this,  they  are  made  quite  large, 
considering  the  actual  amount  of  power 
which  they  have  to  transmit.  This  is  neces- 
sary, because  the  shaft  has  not  only  to  sup- 
;  port  the  weight  of  the  armature,  but  it  may 
!  also  be  called  upon  to  stand  heavy  magnetic 
;  pulls  if  the  field  is  not  evenly  balanced. 
A  shaft  suitable  for  the  100  K.  W.  machine 
is  shown  in  Fig.  1654.  This  is  designed  for 
a  pulley  journal,  13  in.  X  4  in.,  and  a  col 
lector  end  journal,  10  in.  x  3:^  in.  The  key- 
way  a  is  for  the  armature  spider  key.  The 
central  portion  of  the  shaft  where  the  spider 
fits  on  is  usually  made  a  little  large,  so  that 
the. spider  may  be  forced  into  place.  The 
key  way  for  the  pulley  is  shown  at  ^;  the 
size  of  the  keyways  may  be  obtained  from 
Table  111,  Dynamo-Electric  Machine  De- 
tjj  sign.       All   internal    corners    of    the    shaft 
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should  be  rounded  as  shown  at  t\  c,  and  oil  grooves  </,  </ 
should  be  provided  to  prevent  the  oil  from  working  its  way 
out  of  the  boxes  by  creeping  along  the  shaft.  In  many 
cases  the  exciter  is  driven  from  a  pulley  mounted  on  an 
extension  of  the  armature  shaft.  The  shaft  must  then  be 
furnished  with  a  keyway  on  the  extension  for  the  exciter 
pulley,  as  shown  by  the  dotted  lines. 


PULLEYS. 

4200.  Ordinary  cast-iron  pulleys  are  usually  employed. 
Broad-faced  pulleys  are  usually  provided  with  two  sets  of 
arms,  and  the  pulleys,  on  the  whole,  are  constructed 
somewhat  heavier  than  those  used  for  general  transmission 
work.  For  pulleys  of  small  size,  the  web  construction 
(shown  in  Fig.  1387,  Dynamo-Electric  Machine  Design) 
may  be  used.  Large  pulleys  should  be  made  in  halves,  and 
strongly  bolted  together  both  at  the  hub  and  rim.  The 
diameter  of  the  pulley  is  determined  by  the  linear  speed  at 
which  it  is  allowable  to  run  the  belt.  A  fair  average  value 
for  this  belt  speed  may  be  taken  from  4,000  to  5,000  feet 
per  minute  for  machines  varying  in  size  from  50  K.  W,  to 
500  K..  W.  It  is  not  advisable  to  run  the  belt  at  a  speed  much 
higher  than  5,500  feet  per  minute,  as  the  grip  between  the 
belt  and  pulley  becomes  less  with  higher  speeds.  The  diam- 
eter of  the  pulley  in  inches  is  then  given  by  the  exnr'^ssicn 

12  s 
Diam.  of  pulley  =  — -^-^-^  .391.) 

where  s  =  belt  speed  in  feet  per  Tiinute. 

Applying  this  to  the  130  K.  W.  machine,  and  taking  4,500 
feet  per  miniit    as  a  fair  value  for  the  belt  speed,  wi-  i/ct 

TV  n  12  X  4,500       ^^      .     . 

Diaiii.   ■■!    ['ullcy  =  -— — ^--— = '2S.»;  inrH  r-. 

^         ^       3.14  X  600 

We  will  make  the  diameter  of  the  pulley  lis^  in.,  as  shown 
in  Fig.  1G55.  The  face  of  the  pulley  must  be  slightly  wider 
than  the  belt  necessary  to  transmit  the  given  amount  of 
power  at  the  required  belt  speed.  The  belt  must  be  of  such 
width  that  the  strain  on  it  per  unit  width  will  not  be  more 
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than  the  belt  can  safely  carry.  The  amount  of  power  which 
can  be  transmitted  per  unit  width  of  belt  depends  upon  the 
quality  and  thickness  of  the  belt  as  well  as  on  the  belt 
speed.  Assuming  that  a  double  thick  belt  is  used,  we  may 
determine  the  width  of  belt  necessary  by  means  of  the 
following  formula: 

It! 

Width  of  belt  =  .7  X  — ,  (692.) 

where  iv  =  output  of  generator  in  watts. 

Applying  this  to  the  100  K.  W.   machine,  we  get 

TXTA^U     f   u   ,.  y        100,000        ^_  ^  . 

Width  of  belt  =  .7  X  — r  '   ^    =  lo.5  m. 
4,o00 

We  will  allow  f  in.  on  each  side  of  the  belt,  thus  making 
the  face  of  the  pulley  17  in.  wide.      Fig.  1655  shows  a  pulley 


Fig.  1655. 

28^  in.  X  17  in.  suitable  for  this  machine.  The  pulley  is 
provided  with  one  set  of  arms  only,  as  the  face  is  not  very 
wide.  Set-screws  are  provided  to  prevent  the  pulley  work- 
ing endways  on  the  shaft. 


CONNECTIONS. 

4201.     The  electrical  connections  for  alternators  have 

already  been  shown  diagrammatically  in  Figs.  1521  and  1522 

of  the  section  on  Theory  of  Alternating-Current  Apparatus; 

it  is  now  necessary  to  see  how  these  are   carried  out  on  the 
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machine.  We  will  first  consider  the  connections  suitable 
for  a  single-phase  compound-wound  machine  of  the  type 
designed.  Fig.  1656  represents  the  connections  of  such  a 
machine.  T'and  T'  are  the  two  terminals  of  the  armature 
winding,  one  of  which  is  connected  to  one  collector  ring  by 
means  of  the  stud  a.  The  other  terminal  T'  is  connected 
to  one  side  of  the  rectifier  by  the  stud  b,  the  other  side  of 


Fig.  1666. 

the  rectifier  being  connected  to  the  remaining  collector 
ring.  If  a  revolving  shunt  is  used  across  the  rectifier,  it  is 
necessary  to  have  another  connection  stud,  shown  by  the 
dotted  line.  The  revolving  shunt  is  then  connected  between 
this  stud  and  b,  thus  placing  the  shunt  across  the  rectifier 
and  allowing  a  certain  portion  of  the  total  current  to  flow 
by  without  being  rectified.  The  line-wires  lead  from  the 
two  collector  rings,  and  the  rectifier  brushes  are  connected 
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to  the  series  field  by  means  of  the  connection  boards  r,  c. 
The  connections  between  the  series  field,  armature,  rectifier, 
and  collector  rings  shown  in  Fig.  1G56  are  those  which  are 
used  on  the  General  Electric  Co. 's  machines  of  this  type. 
The  Westinghouse  Co.  use  a  different  arrangement  for  sup- 
plying the  rectified  current  to  the  series  coils,  which  is  shown 
in  Fig.  1G57.  In  this  case  the  terminal  T  is  connected  to 
one  end  b  of  the  primary  a  b  oi  ^  small  transformer.     The 


Fig.  1657. 

other  end  of  this  primary  connects  to  the  collector  ring  a& 
shown,  so  that  all  the  current  flowing  through  the  armature 
passes  through  this  coil.  The  secondary  c  d  oi  this  trans- 
former connects  directly  to  the  two  sides  of  the  rectifier, 
which  in  turn  connects  to  the  series  field  by  means  of  the 
brushes.  The  other  collector  ring  is  connected  directly  to 
the  winding,  as  shown.  In  this  case  it  is  seen  at  once  that 
there  is  no  electrical  connection  between  the   armature  and 
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the  series  coils,  the  latter  being  supplied  by  an  induced 
current  from  the  secondary  c  d.  This  transformer,  which 
is  usually  quite  small,  must,  of  course,  revolve  with  the 
armature,  and  in  some  of  the  smaller  machines  the  spokes 
of  the  spider  form  the  core  of  the  transformer.  The  use  of 
this  transformer  renders  the  insulation  of  the  series  coils 
easier,  because  it  separates  the  armature  connections 
entirely  from  the  field. 

4202.  The  connections  for  the  field  coils  vary  little  in 
different  makes  of  machines,  so  we  will  take  those  shown  in 
Fig.  1G56  as  a  typical  case.  The  windings  of  the  field  coils 
are  connected  up  so  as  to  make  the  poles  alternately  iVand  5. 
Care  must  be  taken  that  the  series  coils  are  not  connected 
in  such  a  way  as  to  oppose  the  separately  excited  •  coils 
instead  of  aiding  them.  The  terminals  of  the  separately 
excited  coils  are  led  directly  to  the  connection  boards  r,  c. 
The  terminals  of  the  series  coils  are  also  led  to  the  same 
boards,  and  from  there  connected  to  the  rectifier  brush- 
holder  studs  by  means  of  flexible  cables.  The  stationary 
shunt  d  is  connected  to  the  same  terminals  on  the  connec- 
tion boards  as  the  series  field.  This  shunt  may  be  attached 
to  the  machine  or  placed  on  the  switchboard ;  it  is  usually 
made  up  of  German-silver  wire  or  ribbon  of  such  size  that  it 
will  not  overheat  with  the  maximum  current  it  may  be 
called  upon  to  carry.  The  connections  and  winding  of  the 
series  coils  are  generally  the  same,  no  matter  what  the  cur- 
rent output  or  voltage  of  the  machine  may  be.  The  series 
connections  may,  however,  be  varied  somewhat  in  machines 
with  different  current  outputs.  When  the  current  output 
is  large,  the  series  coils  are  sometimes  grouped  into  two  sets 
connected  in  parallel,  thus  reducing  the  current  in  the  field 
conductor,  and  allowing  the  use  of  smaller  and  more  easily 
wound  wire.  For  example,  the  100  K.  W.  machine  designed 
had  a  full-load  current  output  of  45.4  amperes  at  2,200  volts; 
if  the  same  machine  were  built  for  1,100  volts,  the  current 
output  would  be  90.8  amperes  at  full  load.  In  the  first  case 
the  series  field  was  designed  to  carry  32  amperes;  in  the 
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second  case  it  would  have  to  carry  G4  amperes.  Generally 
we  would  wish  to  get  the  same  number  of  ampere-turns  on 
each  pole  in  either  case;  so,  instead  of  winding  the  coils 
with  half  as  many  turns  of  wire,  large  enough  to  carry 
double  the  current,  we  can  connect  the  six  upper  coils  in 
series  and  connect  them  in  parallel  with  the  six  lower  coils, 
which  are  also  connected  in  series.  This  will  keep  the  cur- 
rent in  the  coils  the  same,  although  the  line  current  is 
doubled.  This  is  often  done  in  practice,  as  it  allows  the 
coils  which  were  designed  for  a  machine  of  certain  voltage 
to  be  used  for  a  machine  of  half  that  voltage  without 
changing  the  coil  winding  in  any  way. 

4203.     The  line  connections  are  usually  made  directly 
to  the  collector-ring   studs  when  the  machine  is  provided 
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with  a  revolving  armature.  When  the  armature  is  station- 
ary, the  armature  terminals  are  simply  run  to  a  connection 
board,  to  which  the  lines  are  attached.  Fig.  1G58  shows  a 
simple  form  of  connection  board,  suitable  for  the  connections 
shown  in  Fig.  1656.  The  base  a  should  have  high  insulating 
properties,  and  is  preferably  made  of  porcelain,  or  hardwood 
treated  with  oil.  If  slate  or  marble  is  used,  care  must  be 
taken  to  see  that  they  are  free  from  metallic  veins  or  impuri- 
ties. Cable  terminals  c  are  provided  for  the  shunt  and 
series  connections,  and  these  are  held  in  place  by  screws  d 
passing  through  from  the  back  of  the  slate.     These  screws 
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are  well  countersunk,  and  the  holes  filled  in  with  insulating 
compound,  in  order  to  obviate  any  danger  of  the  connections 
becoming  grounded  on  the  frame  of  the  machine.  The 
nuts  c  clamp  the  terminals  firmly  in  place  against  the 
brass  blocks  b. 

4204,  Connections  between  the  individual  field  coils 
are  usually  made  by  means  of  small  brass  connectors  similar 
to  those  shown  in  Fig.  1G59.     Three  of  the  commoner  forms 
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Fig.  1659. 
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are  here  shown.  They  all  consist  of  two  brass  plates  f,  f 
provided  with  grooves  to  receive  the  ends  of  the  coils,  and 
clamped  together  by  screws,  as  shown.  The  ends  of  the  coils 
usually  consist  of  heavily  insulated  wire  brought  out  from 
the  winding.  In  some  cases  where  the  coils  are  wound  with 
copper  strip,  connection  between  the  coils  is  made  by  simply 
clamping  the  ends  of  the  strip  together  between  brass 
washers. 

42()5.  Special  reference  has  not  been  made  to  the 
design  of  fields  for  two  and  three  phase  machines,  because 
there  is  very  little  difference  between  such  fields  and  the  one 
worked  out  for  the  single-phase  machine.  The  only  differ- 
ence might  be  a  slight  change  in  the  series  winding  and  the 
connections  to  the  rectifier.  The  winding  of  the  separately 
excited  coils  would  be  the  same,  because  the  exciter  voltage 
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would  not  be  changed,  and  all  three  fields  were  assumed  to 
furnish  the  same  magnetic  flux. 

4206.     Fig.  IGGO  shows  an  assembled  compound-wound 
machine  with  stationary  field  and  revolving  armature,  such 


Fig.  1660. 

as  we  have  worked  out.     The  lower  half  of  the  yoke  is  in  this 
case  cast  with  the  bed,  and  the  yoke  itself  is  provided  with 

flanges,  as  shown 
in  Fig.  1G33  (c). 
The  collector  -  ring 
brushes  are  here 
shown  mounted  on  a 
stand  a,  and  the  rec- 
tifier brushes  are  car- 
ried on  a  rocker  d 
mounted  on  the 
inside  end  of  the 
bearing.  The  ar- 
rangement of  cables, 
connection  boards, 
etc.,  will  be  readily 
Fig,  1661.  seen  by  referring  to 
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the  figure.  Fig.  lOGl  shows  a  large  alternator  designed  to 
run  at  low  speed.  This  machine  is  provided  with  a  stationary 
armature  and  revolving  field,  the  collector  rings  shown  on 
the  shaft  being  used  to  convey  the  exciting  current  into  the 
field  coils.  

TRANSFORMERS. 

4207.  It  was  shown  in  the  section  on  Theory  of  Alterna- 
ting-Current Apparatus  that  a  certain  amount  of  loss  always 
occurs  in  a  transformer  so  long  as  its  primary  is  connected 
to  a  source  of  E.  M.  F.  The  losses  which  occur  may  be 
divided,  for  convenience,  into  two  classes,  namely,  iron 
losses  and  copper  losses.  The  iron  losses  are  those  which 
occur  in  the  iron  core  of  the  transformer,  and  are  due  to 
hysteresis  and  eddy  currents.  These  core  losses  are  practi- 
cally constant  for  all  loads,  because  they  are  dependent  upon 
the  magnetic  density  in  the  core,  and  this  changes  but  little 
from  no  load  to  full  load.  The  C"^ R  loss  or  copper  loss  in 
the  coils  increases  very  rapidly  with  the  load.  The  combined 
effect  of  these  losses  is  to  heat  up  the  coils  and  core,  so  that 
the  amount  of  power  which  a  transformer  is  capable  of 
delivering  is  limited  by  the  heating  effect.  The  transformer 
could  therefore  be  loaded  until  the  coils  reached  the  maxi- 
mum temperature  which  the  insulation  on  the  wire  could 
stand  without  injury;  any  further  increase  in  load  would 
result  in  the  transformer  being  eventually  burnt  out.  Aside 
from  the  danger  of  overheating,  a  transformer  should  not 
be  worked  much  beyond  its  rated  load,  because  of  the  falling 
off  in  efficiency.  If  the  load  is  forced  too  high,  the  C^  R  loss 
becomes  excessive,  and  the  transformer  works  uneconom- 
ically,  even  if  it  does  not  happen  to  overheat. 

Overloading  a  transformer  also  causes  a  falling  off  in  the 
secondary  voltage,  which  is  very  objectionable  if  the  trans- 
former is  used  for  lighting  work. 

42()8.  A  transformer  should  be  so  designed  that  it  will 
do  the  work  of  transforming  the  current  with  the  least 
possible  cost.     This  means  that  the  eflficiency  must  not  only 
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be  high  at  full  load,  but  that  it  should  also  be  high  through- 
out a  wide  range  of  load.  Fig.  16G2  shows  the  efficiency- 
curve  for  a  transformer  of  good  design.  It  will  be  noticed 
that  the  efficiency  increases  very  rapidly  at  first,  being  as 
high  as  60^  with  only  -^^  full  load  on  the  secondary.  The 
efficiency  varies  but  slightly  between  ^  load  and  full  load, 
and  when  the  transformer  is  overloaded,  the  efficiency 
begins  to  fall  off.  A  transformer  is  seldom  worked  at  its 
full  capacity  all  the  time;  hence  it  is  important  to  have  a 
good  efficiency  through  a  wide  range  of  load,  as  shown  by 
the  curve.     The  efficiency  can  be  made  high  by  employing 
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Fig.  1663.  ' 

anything  that  will  keep  down  the  losses;  but  for  a  trans- 
former of  given  size,  the  efficiency  can  not  be  increased 
beyond  a  certain  point  without  greatly  increasing  the  weight 
and  cost.  For  example,  the  C  R  loss  might  be  made  very 
small  by  using  a  large  cross-section  of  copper,  but  this 
would  necessitate  a  large  winding  space,  thus  increasing  the 
bulk  of  the  transformer  and  making  the  core  heavy.  Increas- 
ing the  efficiency  beyond  a  certain  point  is  attained  only  by 
a  large  increase  in  cost,  and  a  transformer  may,  in  general, 
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be  said  to  be  well  designed  when  it  gives  the  highest  all-day 
efficiency  consistent  with  an  economical  distribution  of 
iron  and  copper.  The  curve,  Fig.  1GG3,  shows  the  relation 
between  output  and  full-load  efficiency  which  should  be 
attainable  in  good  transformers.     The  efficiency  increases 
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Belation  between  efficiency  and  output  of  tranaformert. 
Fig.  1663. 

rapidly  with  the  output  for  transformers  of  small  size,  but 
changes  slowly  after  outputs  of  4  or  5  K.  W.  are  reached. 
Some  very  large  transformers  might  have  an  efficiency  as 
high  as  1)8^  or  slightly  over,  but  it  is  only  in  transformers  of 
large  size  that  such  a  high  efficiency  is  reached. 


TRANSFORMER    CORES. 

4209.  Transformer  cores  have  been  made  in  a  large- 
number  of  different  shapes,  but  the  two  most  generally  used 
types  are  the  core  and  shell  varieties  shown  in  Figs.  1548 
to  1551,  Theory  of  Alternating-Current  Apparatus.  Good 
transformers  may  be  designed  using  either  the  core  or  shell 
construction,  and  large  numbers  of  both  styles  are  in  common 
use.     Great  care  should  be  taken  in  the  selection  of  the  iron 
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for  transformer  cores.  It  should  be  borne  in  mind  that  the 
hysteresis  loss  goes  on  continuously,  whether  the  transformer 
is  loaded  or  not,  and  that  everything  possible  should  be  done 
to  keep  this  loss  small  by  using  only  the  best  quality  of  core 
iron.  The  plates  should  be  about  13  or  14  mils  thick  for 
125-cycle  transformers,  but  may  be  slightly  thicker  than 
this  for  transformers  of  low  frequency.  The  oxide  on  the 
iron,  with  the  addition  of  a  paper  sheet  at  intervals  along 
the  core,  is  usually  sufficient  to  insulate  the  disks  from  each 
other.  Some  makers  coat  the  plates  with  an  insulating 
varnish  or  japan  and  do  not  depend  on  the  oxide  film. 


HEATING   OF   TRANSFORMERS. 

421 0.  Since  the  efficiency  of  transformers  is  generally 
high,  the  energy  lost  in  them  is  small,  and  in  transformers 
of  ordinary  size  there  is  generally  enough  radiating  surface 
to  get  rid  of  the  heat  generated.  Transformers  up  to 
50  K.  W.  capacity  can  usually  be  made  with  sufficient  ventila- 
tion to  get  rid  of  the  heat  generated,  but  for  larger  sizes  it 
is  often  necessary  to  use  special  cooling  arrangexnents.  Air 
blasts  are  frequently  used  to  carry  the  heat  av/ay  from  the 
core  and  windings  of  large  transformers.  Sometimes  the  core 
and  windings  are  immersed  in  oil  kept  cool  by  water  cir- 
culating in  pipes.  Transformers  of  smaller  size  are  often 
designed  so  that  the  case  may  be  filled  with  oil.  This  helps 
to  give  the  windings  good  insulation,  and  keeps  down  the 
temperature  by  conducting  the  heat  from  the  windings  and 
core  to  the  outside  casing.  The  student  should  bear  in 
mind  that  while  these  special  devices  are  in  many  cases  nec- 
essary to  get  rid  of  the  heat,  it  does  not  follow  by  any  means 
that  the  transformer  is  inefficient;  on  the  contrary,  the 
efficiency  is  usually  very  high,  and  these  devices  are  neces- 
sary only  because  the  transformer  of  itself  does  not  present 
enough  radiating  surface  to  get  rid  of  the  heat.  No  definite 
rules  can  be  given  as  regards  the  number  of  watts  which  can 
be  radiated  per  square  inch  of  core  or  case  surface  which 
will   apply   to   all   types   of   transformers.     This   rc^diation 
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constant  varies  widely  for  transformers  of  different  size  and 
form,  but  unless  the  efficiency  is  very  low,  the  dimensions  of 
transformers  under  40  or  50  K.  W.  are  usually  such  that  they 
can  get  rid  of  the  heat  generated  without  undue  rise  in 
temperature. 


MAGNETIC   DENSITY   IN   CORE. 

4211.  Transformer  cores  are  worked  at  low  magnetic 
densities  in  order  to  keep  down  the  core  losses  and  magnet- 
izing current.  The  hysteresis  loss  is  proportional  to  the 
frequency  and  the  eddy-current  loss  to  the  square  of  the  fre- 
quency;  hence  for  an  allowable  amount  of  core  loss  it  follows 
that  higher  magnetic  densities  can  be  used  with  low  than 
with  high  frequency  transformers.  For  GO-cycle  transform- 
ers the  maximum  value  of  the  magnetic  density  may  be  taken 
from  28,000  to  32,000  lines  per  square  inch.  For  125-cycle 
transformers,  the  density  may  be  from  19,000  to  21,000  lines 
per  square  inch.  The  densities  in  individual  cases  may  vary 
from  the  above,  but  the  average  values  used  are  generally 
within  the  limits  given. 

4212.  The  allowance  of  copper  per  ampere  in  the 
primary  and  secondary  coils  should  be  large,  in  order  to 
keep  down  the  copper  loss.  The  coils  are  usually  heavy, 
and  it  is  also  important  to  have  a  liberal  cross-section  of 
copper,  in  order  to  prevent  overheating.  The  cross-section 
per  ampere  should  be  about  the  same  both  for  primary  and 
secondary  coils.  When  the  core  type  is  used,  there  is 
usually  room  for  a  liberal  cross-section  of  copper,  but  in  the 
shell  type  the  winding  space  is  more  restricted,  and  the  coils 
can  not  be  made  very  large  without  increasing  the  bulk  of 
the  iron  core  considerably.  The  number  of  circular  mils 
allowed  per  ampere  varies  greatly  in  transformers  of  differ- 
ent makes  and  sizes.  In  general,  the  allowance  should  not 
be  less  than  1,000  or  1,200  circular  mils  per  ampere,  and  in 
many  of  the  later  types  of  transformers  the  allowance  may 
be  as  high  as  2,000  or  over. 
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ARRANGEMENT   OF   COILS  AND   CORE. 

4213.     The  arrangement  of  coils  and  core  has  already- 
been  described  for  two  of  the  common  types.     The  core  type 
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can   usually  be  arranged  so  that  it  can  be  taken  apart  and 
the  coils  slipped  off  in  case  repairs  are  necessary,  while  the 
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shell  construction  very  often  requires  the  removal  of  each 
plate  before  the  coils  can  be  reached.  Transformers  have 
been  made  with  the  core  built  in  sections  as  shown  in 
Fig.  1GG4.  In  this  case  the  upper  part  a  is  built  up  separately, 
and  forms  a  cover  which  can  be  removed  from  the  main  part 
of  the  core  when  it  is  desired  to  get  at  the  coils.  This  con- 
struction is,  however,  objectionable,  because  it  introduces 
small  air-gaps  into  the  magnetic  circuit  at  b,  by  thereby 
increasing  the  magnetic  reluctance  of  the  core.  In  design- 
ing transformer  cores,  every  effort  should  be  made  to  have 
the  magnetic  circuit  continuous.  Fig,  1G04  also  shows  a 
common  arrangement  of  the  primary  and  secondary  coils 
for  shell  transformers,  the  secondary  coil  5  being  slipped 
inside  the  primary  coil  P.  Fig.  IGGo  shows  an  arrangement 
of  coils  and  core  suitable  for  a  transformer  of  large  size. 
The  stampings  a  and  b  are  cut  as  shown,  the  joints  being  at 
c,  d,  and  c.  As  the  core  is  piled  up,  these  joints  are  stag- 
gered, as  shown  by  the  dotted  lines,  thus  making  the  iron 
path  for  the  lines  practically  continuous  and  doing  away 
largely  with  the  bad  effects  of  the  joints.  The  primary  and 
secondary  coils  are  wound  in  a  number  of  sections,  each  con- 
sisting of  a  flat  coil,  these  sections  being  sandwiched,  as 
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shown,  in  order  to  reduce  the  magnetic  leakage  between 
them.  Splitting  the  coils  up  in  this  way  also  makes  it  easier 
to  insulate  the  transformer  for  high  voltages,  because  it  cuts 
down  the  voltage  across  any  one  of  the  coils.  The  coils  are 
usually  separated  from  each  other  by  a  built-up  sheet  of  mica 
i/.  /•;.    IV.— k^ 
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or  other  material  having  high  insulating  properties.  Large 
cores  are  frequently  providedwith  ventilating  ducts  between 
the  laminations  as  shown  at  f.  The  laminations  are  held 
apart  by  brass  castings,  and  the  channels  so  formed  allow  air 
to  circulate  through  the  core,  the  whole  construction  being 
similar  to  that  used  for  ventilated  armature  cores.  Fig.  ^  GG6 
shows  another  arrangement  of  coils  and  core  which  also 
makes  use  of  thin  flat  coils.  In  this  case  the  stampings  a 
and  b  surround  one  side  of  the  coil  only,  a  separate  set  of 
stampings  being  used  to  form  the  magnetic  circuit  around 
the  other  side.  This  is  the  construction  used  by  the  West- 
inghouse  Co.  for  several  of  their  larger  transformers.  The 
projecting  ends  of  the  coils  c  are  usually  spread  out  like 
a  fan,  so  as  to  allow  the  air  to  circulate  freely  between  them. 


W^INDIIVG   ANO   INSULATIOIV   OF  COILS. 

4214.  Since  transformer  coils  are  usually  of  simple 
shape,  they  can  generally  be  lathe  wound  and  thoroughly 
insulated.  High  insulation  is  of  great  importance  in  trans- 
formers, and  every  precaution  should  be  taken  to  see  that 
the  primary  and  secondary  coils  are  not  only  well  insulated 
from  the  core,  but  also  from  each  other.      Fig.  1G67  shows 


Fig.  1667. 

the  shape  of  primary  coil  commonly  used  for  shell  trans- 
formers. The  coils  have  to  withstand  a  high  impressed  line 
E.  M.  F.,  and  the  voltage  between  layers  may  therefore  be 
considerable.  Insulation  i  should  be  placed  between  each 
layer,  and  may  be  composed  of  oiled  linen  tape  or  other  good 
insulating  material.     The  outside  of  the  coil  is  heavily  taped, 
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and  afterwards  treated  with  insulating  varnish  and  baked. 
Additional  insulation  in  the  form  of  mica  and  paj)er,  or  in 
some  cases  oiled  hardwood  pieces,  is  placed  between  the  coils 
and  the  core.  The  secondary  coil  should  be  thoroughly 
insulated  from  the  primary  and  from  the  core,  though  it  is 
in  many  cases  unnecessary  to  insulate  between  the  layers  of 
the  secondary  on  account  of  the  low  voltage  which  it  usually 
generates.  The  insulation  between  primary  and  secondary 
should  be  specially  good.  Some  makers  allow  a  clear  air 
space  between  the  coils  in  addition  to  the  insulation  on 
the  coils  themselves.  If  connection  should  be  established 
between  the  primary  and  secondary,  and  there  should  happen 
to  be  a  ground  on  the  primary  mains,  a  difference  of  poten- 
tial would  exist  between  the  secondary  service  wires  and  the 
ground  which  would  be  equal  to  the  primary  voltage.  Such 
a  difference  of  potential  between  the  service  wires  and  the 
ground  would  be  very  dangerous  to  life;  hence  the  impor- 
tance of  thorough  insulation  between  the  primary  and 
secondary.  Some  makers  place  a  metal  shield  between  the 
primary  and  secondary  coils  which  is  connected  to  ground. 
If  the  primary  insulation  breaks  down,  this  shield  connects 
the  winding  to  ground,  and  thus  protects  the  secondary 
circuit. 

42 1 5.     The   Conductor   used  for  the   primary  winding 
usually  consists  of  copper  wire,  except  perhaps  in  some  very 


Fio.  it«w. 
large    transformers,    where    copper  strip   may    be    uicd    to 
advantage.      For  the  secondary,  a  conductor  of  large  cross- 
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section  is  usually  required,  because  the  secondary  voltage  is 
generally  low  and  the  current  correspondingly  large.  For 
transformers  of  moderate  output,  the  secondary  conductor 
cangenerally  be  made  of  a  number  of  wires  in  multiple.  In 
most  large  transformers,  the  secondary  conductor  is  made  up 
of  copper  strip.  Fig.  1668  shows  a  flat  secondary  coil  made 
up  in  this  way.  Such  a  coil  would  be  suitable  for  the  trans- 
former shown  in  Fig.  1666.  The  details  of  construction  and 
method  of  calculating  the  different  parts  will  be  best  under- 
stood by  working  out  an  example.  We  will  therefore  take 
up  the  design  of  a  transformer  of  the  core  type  such  as 
would  be  suitable  for  lighting  work. 


DESIGN  OF  8  K.    W.   TRANSFORMER. 

4216.  In  starting  out  to  design  a  transformer,  the 
following  quantities  are  either  known  or  assumed : 

Useful  secondary  output  in  kilowatts  (K.W.); 
Primary  voltage  {E^) ; 
Secondary  voltage  {E^ ; 

Frequency  of  system  on  which  the  transformer  is  to  be 
operated  {?i). 

For  ordinary  lighting  transformers,  Ep  is  in  the  neighbor- 
hood of  1,000  or  2,000  volts,  E^  50  or  100  volts,  and  n  60  or 
125  cycles  per  second. 

4217.  We  will  take  for  an  example  an  8  K.  W.  trans- 
former of  the'  core  type  to  be  designed  for  2,000  volts 
primary  and  50  or  100  volts  secondary,  the  secondary  being 
wound  in  two  coils,  which  may  be  connected  in  parallel  for 
50  volts  or  in  series  for  100  volts.  The  frequency  will  be 
taken  as  60.  A  good  transformer  of  this  output  should  have 
a  full-load  efficiency  of  96.8  or  96.9^  (see  Fig.  1663);  conse- 
quently, in  designing  it  we  should  aim  to  keep  the  losses 
down  to  such  an  amount  that  the  efficiency  will  be,  say, 
96.8^.     We  have 

T-^rc  •  watts  output        .^       •.    .    ^^-.-g   V 

Efficiency  = r—^ — .      (See  Art.  3671.) 

•^         watts  input 


■ 
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Hence,  for  an  output  of  8,000  watts  the  input  will  be 

Input  =  -^-—  =  8,2G4  watts. 

The  total  loss  at  full  load  should  therefore  not  exceed  26-1 
watts.  This  total  loss  is  made  up  of  three  parts,  namely, 
the  losses  due  to  the  resistance  of  the  coils,  hysteresis,  and 
eddy  currents.  It  can  be  shown  mathematically  that,  in 
order  that  a  transformer  shall  have  a  high  all-day  efficiency, 
the  C^R  loss  and  the  core  losses  should  be  about  equally 
divided ;  that  is,  the  copper  loss  should  be  about  equal  to  the 
sum  of  the  hysteresis  and  eddy-current  losses.  If  the  trans- 
former is  used  only  a  short  time  during  each  day,  it  might 
be  well  to  allow  the  C^  R  loss  to  be  a  little  larger  than  the 
core  losses,  but  the  above  relation  holds  approximately 
correct  for  well-designed  transformers.  In  the  present  case, 
we  will  aim  at  making  the  copper  loss,  say,  140  watts  and 
the  core  loss  124  watts.  This  division  of  the  losses  should 
give  a  satisfactory  transformer  for  lighting  work. 


DETERMINATION  OF  COKE  VOLUME. 

4218.  Since  the  transformer  is  to  operate  on  a  GO-cycle 
system,  we  will  take  30,000  lines  per  square  inch  as  a  fair 
value  for  the  maximum  magnetic  density  in  the  core.  At 
this  frequency  and  density,  there  will  be  a  definite  amount 
of  loss  per  cubic  inch  of  iron  in  the  core,  depending  upon 
the  quality  of  the  iron  used.  We  will  assume  that  the 
curve  A,  Fig.  1584,  represents  the  quality  of  the  iron  in  this 
respect.  From  this  curve,  \vc  find  that  the  loss  per  cubic 
inch  per  100  cycles  at  a  density  of  30,000  is  about  .25  watt. 
The  loss  at  60  cycles  will  therefore  be  -yVV  X  .25  =  .15  watt. 

The  total  core  loss  is  to  be  124  watts.  This  is  the  loss 
due  to  hysteresis  and  eddy  currents  combined.  The  eddy- 
current  loss  should  be  quite  small  if  the  core  is  properly 
laminated ;  Kence  we  will  take  the  hysteresis  loss  alone  as 
110  watts,  and  allow  14  watts  for  the  loss  due  to  eddy 
currents.      If  the  loss  y>er  cubic  inch  is  .15  watt,  then   the 

11" 
volume  of  iron  in  the  cure  will  be  —  '.Xi  cubic  inches. 

.lo 
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Fig.  1R69. 
magnetizing  current 
other  hand,  if  the  cores  are 
made  very  short,  the  wire  will 
have  to  be  piled  up  deep,  ia  or- 
der to  get  it  into  the  winding 
space,  and  the  yokes  across 
the  ends  will  have  to  be  made 
longer.  Deep  windings  also 
mean  a  long  length  of  wire  for 
a  given  number  of  turns,  re- 
sulting in  a  large  amount  of 
copper.  The  best  proportions 
to  be  given  to  the  core  is 
therefore  largely  a  matter  of 
experience.  For  preliminary 
dimensions,  we  will  use 
the  proportions  indicated  in 
Fig.  1GG9,  all  the  dimensions 
being  here  expressed  in 
terms  of  the  thickness  of  the 
cores.      We    will    make    the 


DIMENSIONS  OF  CORE. 

volume  of  iron  in  the  core  has  now  been 
determined,  and  it  remains  to  proportion 
the  core  itself.  Fig.  1G09  shows  the  style 
of  core  used  for  this  type  of  transformer, 
and  in  proportioning  it  due  regard  must 
be  had  to  the  windings  which  are  to  be 
placed  on  the  cores  c,  c.  We  will  make  the 
core  square  in  cross-section,  with  the  cor- 
ners chamfered  slightly,  as  shown  in  the 
figure.  If  the  cross-section  ^  X  ^  is  made 
very  small,  the  cores  will  be  long  and  thin, 
the  magnetic  flux  A^  will  be  small,  and  the 
coils  will  have  to  be  provided  with  a  large 
number  of  turns  to  generate  the  required 
E.  M.  F.  Long  cores  also  give  rise  to  a 
long  magnetic  circuit,  thus  increasing  the 
On  the  .^ , 
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Fig.  1G70. 
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hei^iiL  «'i    i-iM     ..'ir  =  7(^7.      The    volume   of    the    core    will 
then  be 

V=  (2  X  3.5  ^^  +  2  X  5  a)  a\  (693.) 

a^    being    the    area    of   cross-section    and    5  a    the    distance 
between  the  yokes.      This  gives 

17  a^  =  V=  733  cubic  inches. 

a  = 

This  makes  a  just  about  3^  in.  This  is  the  value  of  the 
thickness  of  the  core  if  it  were  solid  iron.  Part  of  the  cross- 
section  is,  however,  taken  up  by  insulation  between  the 
plates,  and  the  corners  are  cut  off  slightly,  so  we  will  make 
the  core  3f  in.  square.  The  other  dimensions  follow  from 
this,  so  we  will  take  the  dimensions  given  in  Fig.  1670  as  a 
basis  for  working  out  the  design  further.  The  distance 
between  the  inside  edges  of  the  cores  will  be  5^^  in.,  and 
the  space  between  the  yokes  available  for  the  windings  will 
be  18|  in. 

DIMENSIONS   OF   CONDUCTORS. 

4220.  We  will  wind  the  secondary  coil  next  the  cores, 
and  place  the  primary  over  it.  The  secondary  current  at 
full  load  will  be 

secondary  watts      8,000 

secondary  veils'  =^  ioiT  =  ^"  ^"P""'  <«»■*•) 

The  secondary  coil  will  be  wound  in  two  sections,  one 
section  being  placed  on  each  core.  Each  section  will  have 
a  suflficient  number  of  turns  to  generate  50  volts,  and  the 
conductor  will  be  capable  of  carrying  80  amperes.  If  an 
output  of  100  volts  and  80  amperes  is  required,  the  coils  may 
be  connected  in  series  and  their  E.  M.  F.'s  added.  If  an 
output  of  100  amperes  at  50  volts  is  desired,  the  coils  may  be 
connected  in  parallel.  In  either  case,  the  full-load  current 
tn  the  conductor  will  be  80  amperes.  In  this  type  of  trans- 
former, a  large  cross-section  is  usually  allowed  per  ampere, 
because  there  is  plenty  of  room  for  the  coils,  and  the  number 
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of  turns  is  usually  large.  We  will  therefore  allow  2,000  cir- 
cular mils  per  ampere  to  obtain  the  approximate  size  of  the 
conductor.     We  have  then 

Circular  mils  cross-section  of  secondary  conductor  = 
80  X  2,000  =  160,000  cir.  mils. 

Six  No.  G  B.  &  S.  wires  in  parallel  will  give  6  X  2G,250  = 
157,500  circular  mils.  We  will  therefore  make  up  the  sec- 
ondary conductor  as  shown  in  Fig.  1G71,  using 
6  bare  wires  in  multiple  and  covering  the  whole 
with  a  cotton  insulation  having  a  double  thick- 
ness of  20  mils.  The  bare  diameter  of  the  wire 
is  .1G2  inch;  hence  the  width  of  the  conductor 
over  all  will  be  2  X  .1G2  +  .02  =  .344  in.  The 
height  of  the  conductor  will  be  3  X  .162  -f  .02  =  .506  in. 

4221.  The  watts  supplied  to  the  primary  at  full  load 
are  8,264.      Hence,  the  primary  current  will  be 

primary  watts      8,264       ....  /^r^ar  \ 

■ rr"=  ^r7^7^  =  ^-132  amperes.  (695.) 

prnnary  volts       2,000  '■  ^  ^ 

The  primary  current  at  full  load  will  be  very  nearly  in 
phase  with  the  E.  M.  F. ;  or,  in  other  words,  the  power 
factor  will  be  very  nearly  1,  The  magnetizing  current 
should  be  quite  small,  so  that  the  primary  current  at  full 
load  will  be  but  slightly  larger  than  the  above  amount.  We 
will  call  the  full-load  primary  current  4.25  amperes,  in  order 
to  allow  a  little  for  the  magnetizing  current.  Allowing  the 
same  cross-section  per  ampere  in  the  primary  as  in  the 
secondary,  we  get 

Circular  mils  of  primary  conductor  =  4.25  X  2,000  =  8,500 
circular  mils. 

A  No.  11  B.  &  S.  wire  has  a  cross-section  of  8,234  circular 
mils,  which  is  nearly  the  number  required.  The  diameter 
of  this  wire  over  the  insulation  may  be  taken  as  .101  in. 


CALCULATIOPf   OF  PRIMARY   AND   SECONDARY    TURNS. 

4222.  The  primary  coil  has  to  be  provided  with  a  suf- 
ficient number  of  turns  to  generate  a  counter  E.  M.  F,  equal 
and  opposite  to  that  of  the  mains.     The  impressed  E.  M.  F. 
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Is  equal  and  opposite  to  the  resultant  of  the  E.  M.  F. 
generated  by  the  primary  and  the  E.  M.  F.  necessary  to 
overcome  the  resistance  of  the  primary.  The  drop  through 
the  primary  at  no  load  due  to  the  ohmic  resistance  is  so  small 
that  it  may  be  neglected  in  comparison  with  the  E.  M.  F. 
which  is  generated  by  the  primary  coil,  so  that  we  may  take 
the  E.  M.  F.  so  generated  as  equal  numerically  to  the  im 
pressed  E.  M.  F.  The  number  of  turns  required  to  set  up 
this  E.  M.  F.  will  depend  upon  the  magnetic  flux'iV  which 
threads  through  the  turns.  The  maximum  magnetic  flux 
through  the  coil  will  be 

A^=Bmax.  x^,  (696.) 

where  B  max.  is  the  maximum  value  which  the  magnetic 
density  reaches'during  a  cycle,  and  A  is  the  area  of  cross- 
section  of  iron  in  the  core  on  which  the  coil  is  wound. 

In  this  case  B  max.  is  30,000  lines  per  square  inch,  and  the 
area  of  cross-section  of  the  iron  is  3i^  X  3^  =  12.25  square 
inches;  hence, 

N=  30,000  X  12.25  =  3G7,500  lines. 

Taking  the  E.  M.  F.  generated  in  the  primary  as  the 
equal  and  opposite  of  the  line  voltage,  we  may  write 

E^  =  iq/       >  (697.)     (See  Art.  3882.) 

where 

N  =  maximum  value  of  the  magnetic  flux  through  the 

core; 
Tp  =  number  of  turns  on  primary  coil ; 
n  =  frequency  (cycles  per  second) ; 
Ep  =  impressed  primary  voltage. 

Applying  this  to  the  present  example,  we  have 


2,000  = 


4.44  X  307,500  X  7;  X  CO 
10* 


^  2,000  X  10'  _  -,-  , 

^-  =  4.44X367,500X60  =  ^'"^'^  '''^'^^- 

We   will    therefore    provide   the    primary   C(jil    with,  say, 
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2,040  turns  and  place  1,020  on  each  of  the  cores,  as  this  num- 
ber will  give  an  even  number  of  turns  on  each  coil.  Drop- 
ping two  turns  would  not  appreciably  affect  the  working  of 
the  transformer,  as  the  magnetic  density  would  have  to  be 
increased  but  very  slightly  to  make  up  for  the  difference. 


4223. 


The  number  of  secondary  turns  T^  will  be 


T^  X  y,  (698.) 


(where  E^  is  the  secondary  voltage)  since  the  turns  must 
be  in  the  same  ratio  as  the  voltages  generated.  This  will 
give  for  the  present  case 

2,040  X  -jVVo  =  103  turns. 

The  total  number  of  secondary  turns  will  therefore  be 
102,  or  there  will  be  51  turns  on  each  coil,  using  the  con- 
ductor shown  in  Fig.  1671. 


ARRANGEMENT  OF  PRIMARY  AND  SECONDARY  COILS. 

4224.     The  coils  will  be  arranged  on  the  core  as  shown 
in  the  section  through  the  coils  and  core,  Fig.  1G72.     The 
lysuLATiox-  secondary    will    be 

wound  next  the  core, 
in  order  to  make  the 
length  of  the  heavy 
secondary  conductor 
as  short  as  possible. 
The  coil  will  be  held 
firmly  in  position  by 
oiled  hardwood 
blocks  a  placed  be- 
tween it  and  the  iron 
core  l>.  The  diameter 
of  the  coils  could  be 
Fig.  1672.  made  somewhat  less 

by  chamfering  the  corners  more  than  shown,  but  this  would 
decrease  the  cross-section  of  iron,  so  that  very  little  would 
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be  gained  in  the  end.  Both  coils  are  heavily  insulated  with 
linen  tape,  and  provision  is  made  for  a  clear  space  of  j\  in. 
between  the  primary  and  secondary.  The  length  of  the 
cores  between  the  yokes  is  18|  in.  (see  Fig.  1070).  Each 
secondary  coil  contains  51  turns.  The  breadth  of  each  turn 
is  .344  in.,  so  that  51  turns  would  take  up  a  length  along 
the  core  of  51  X  .344=  17.5  in.  The  secondary  coil  can 
therefore  be  made  up  of  one  layer  of  51  turns  of  the  con- 
ductor shown  in  Fig.  1071.  This  arrangement  will  allow 
about  -^^  in.  clearance  at  each  end  between  the  secondary 
winding  and  the  yoke,  in  addition  to  the  taping.  The 
arrangement  of  this  winding  will  be  readily  understood 
by  referring  to  the  section  of  the  coils  shown  in  Fig.  1074. 
The  mean  diameter  of  the  secondary  coil  will  be  5^  in.  and 
the  mean  length  of  a  turn  1.44  ft. 

4225.  The  primary  coil  is  placed  over  the  secondary,  as 
shown  in  Fig.  1072.  The  space  of  ^^  in,  is  allowed  to  ensure 
good  insulation  between  the  coils  and  to  allow  the  use  of  a 
ground  shield  if  desired.  In  case  the  transformer  is 
immersed  in  oil,  the  film  of  oil  between  the  coils  forms  an 
insulating  layer  which  is  not  easily  broken  down.  We  will 
make  the  primary  coil  slightly  shorter  than  the  secondary, 
and  adopt  a  clear  winding  space  say  17^-  in.  in  length. 
This  will  remove  the  high-tension  primary  windings  a  little 
farther  from  the  yokes  and  avoid  danger  of  arcing  over. 
The  diameter  of  the  primary  conductor  over  the  insulation  is 

17  25 

.lOl  in.  ;  hence  in  a  layer  17^^  in.  long  we  can  place  — '- —  = 

170  turns,  nearly.  We  must  place  1,020  turns  on  each  coil, 
so  that  we  can  arrange  the  winding  by  using  6  layers 
of  170  turns  per  layer.  The  two  primary  coils  are  con- 
nected in  series  across  2,000- volt  mains;  hence  the  pressure 
across  each  coil  will  be  1,000  volts,  and  there  will  be  lOG 
volts  generated  in  each  layer.  The  pressure  tending  to 
break  down  the  insulation  between  the  beginning  of  the 
first  layer  and  the  end  of  the  second  will  therefore  be  the 
maxiimiin  value  corresponding  to  an   effective  jircssure  of 
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333  volts.  It  is  necessary,  therefore,  to  insulate  each  layer 
from  the  one  next  it,  and  particular  care  should  be  taken 
at  the  ends  of  the  coil,  where  a  breakdown  between  layers  is 
most  liable  to  occur.  We  will  allow  20  mils  for  insulating 
tape  between  each  layer  and  y\  in.  all  around  for  the  outer 
taping  on  the  coil.  This  will  make  the  thickness  of  the 
primary  coil 

6  X  .101  +  5  X  .020  +  i  =  .831  in. 

The  mean  diameter  of  the  primary  coil  will  be  about 
7f  in.,  and  the  mean  length  of  a  primary  turn  1.91  feet. 

4226.  All  the  essential  dimensions  of  the  transformer 
have  now  been  determined.  With  the  primary  winding 
calculated  above,  the  outside  diameter  of  the  primary  coil 
will  be  about  8^  in.  The  distance  from  center  to  center  of 
cores  is  5^^  -\- 3%  =  9YVif^->  so  that  there  would  be  a  space 
between  the  coils  of  ^  in.,  and  the  design  is  suitable  as  far 
as  the  accommodation  of  the  windings  goes. 


EFFICIENCY. 

4227.  In  designing  the  transformer,  we  aimed  at  secur- 
ing a  certain  efficiency,  and  so  proportioned  the  core  that 
the  hysteresis  loss  should  not  exceed  110  watts.  The  design 
has  been  worked  out,  and  it  is  found  that  the  windings 
obtained  can  be  accommodated  on  this  core.  It  now  remains 
to  be  seen  whether  the  copper  loss  in  these  coils  is  within 
the  allowable  amount.  If  the  copper  loss  is  excessive,  we 
must  remodel  the  design  of  the  coils  so  as  to  bring  it  to 
nearly  the  allowable  amount.  In  order  to  calculate  the 
copper  losses  in  the  primary  and  secondary,  we  must  first 
determine  their  resistance. 

4228.  In  calculating  the  resistance  of  the  coils,  we  will 
take  the  resistance  of  a  mil-foot  of  copper  as  11.5  ohms,  as 
it  is  the  hot  resistance  which  we  must  consider.  Since 
there  are  51  turns  on  each  seco^idary  coil,  and  the  length  of 
each  turn  is  1.44  feet,  the  resistance  of  each  coil  will  be 

=  51Xl.4txn.5  ^  .0053  ohm, 
157,506  ' 


i 
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and  the  resistance  of  the  two  coils  in  series  will  be  .0106 
ohm. 

The  loss  in  the  secondary  at  full  load  will  therefore  be 

C^  R,  -  (80)'  X  .0100  =  67.8  watts.         (699.) 

4229.  Each  primary  coil  has  1,020  turns,  and  the 
length  of  each  turn  is  1.91  ft.  The  resistance  of  each 
primary  coil  will  then  be 

„       1,020  X  1.91  X  11.5        -,  ^,    , 
^  = MM =  ^■''  ^^"^^' 

and  the  resistance  of  the  two  coils  in  series  will  be  5.44  ohms. 
The  primary  O  R  loss  will  therefore  be 

C;  Rp  =  (4.25)'  X  5.44  =  98.2  watts.  (700.) 

The  total  C  R  loss  in  the  coils  as  designed  is  then  166 
watts  instead  of  the  140  watts  allowed.  The  difference, 
however,  is  not  great  enough  to  make  a  very  large  differ- 
ence in  the  efficiency.  It  will  be  noticed  that  the  loss  in 
the  primary  coils  is  rather  high,  since  this  loss  should  be 
about  equally  divided  between  the  primary  and  secondary. 
This  can  be  remedied  to  some  extent  by  lowering  the  pri- 
mary resistance,  i.  e. ,  by  using  a  larger  wire  for  the  primary 
winding.  We  will  have  room  enough  to  do  this,  because  we 
found  that  there  would  be  a  clearance  of  \^  in.  between  the 
coils  with  the  other  winding.  Suppose  we  try  a  No.  10 
wire  for  the  primary  and  see  if  this  will  give  a  more  satis- 
factory result.  The  insulated  diameter  of  this  wire  will  be 
about  .112  in.      The  number  of  turns  which   can   be  placed 

-I'v  25 
in  1  layer  will  be  — —r  =  154.     We  will  therefore  use  6  com- 

plete  layers  with  154  turns  each,  and  1  additional  layer  with 
96  turns.  The  coil  at  the  part  where  it  is  wound  7  layers 
deep  will  have  a  thickness  of 

7  X  .  112  +  6  X  .020  -f  ^  =  1.029  in. 

This  will  increase  the  mean  diameter  slightly  and  make 
the  mean  length  of  a  turn  about  1.94  ft.     The  cross-section 
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of  the  wire   will   now  be  10,380  circular   mils,  so  that  the 
resistance  of  each  primary  coil  will  be 

^      1,020  X  1.94  X  11.5       ^  ,.    , 

^  = Io:380 =  ^-^^  ^^"^^' 

and  the  resistance  of  the  two  coils  is  4.38  ohms. 

The  loss  in  the  primary  at  full  load  will  then  be 

C/  Rp  =  (4.25)'  X  4.38  =  79  watts,  nearly. 

This  makes  the  total  C^ R  loss  G7.8  +  79  =  146.8  watts 
instead  of  IGG.  This  change  in  the  primary  winding  makes 
the  loss  in  the  primary  and  secondary  nearly  equal,  and 
brings  the  total  loss  down  nearly  to  the  required  amount. 
We  will  therefore  adopt  this  winding  in  place  of  the  one 
previously  calculated.  The  outside  diameter  of  the  primary 
coils  will  now  be  a  little  over  8^  in.,  so  that  there  will  still 
be  a  clearance  of  about  ^  in,  between  them  when  the  trans- 
former is  assembled.  The  total  loss  at  full  load  will  be 
110  +  14G.8  -f  14  =  270.8,  say  271  watts.  The  full-load 
efficiency  will  then  be  |-f^^=.9G73,  or  about  .7^  lower 
than  was  assumed  when  starting  out  to  design  the  trans- 
former. 


EFFICIENCY  CURVE. 

4230.  The  curve  showing  the  relation  between  the 
efficiency  and  output  can  be  readily  plotted  when  the 
efficiencies  at  different  loads  are  known.  We  will  therefore 
calculate  the  efficiency  for  ^,  ^,  -^,  f,  and  full  load,  also  for 
^  overload.  In  order  to  do  this,  we  will  assume  that  the 
core  loss  remains  constant.  For  example,  at  ^  load  the 
useful  output  is  2,000  watts,  and  the  secondary  current 
20  amperes.  The  primary  current  will  be  that  correspond- 
ing to  the  secondary  current  of  20  amp.  (or  1  ampere,  since 
ratio  of  transformation  is  1  to  20)  plus  the  current  necessary 
to  set  up  the  magnetization  and  supply  the  losses.  The 
primary  current  at  ^  load  may  be  taken  as  approximately 
1.12  amp.,  since  the  amount  of  current  required  to  supply 
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the    losses    will    be    very    small    at    this    load.       The    pri- 
mary C'R  loss  will   be  (1.12)'  X  4.38  =  6.47  watts.      The 


2862  DESIGN  OF  ALTERNATING 

secondary  (T"  R  loss  will  be  (20)'  X  .0106  =  4.24  watts. 
The  core  loss  is  124  watts;  hence  the  total  loss  will  be  133.7 
watts.  The  input  will  then  be  2,133.7  and  the  output  2,000, 
giving  an  efficiency  at  this  load  of  93.7^.  The  calculations 
and  results  for  the  other  loads  are  given  in  Table  117. 

4231.  These  values  of  the  load  and  efficiency  give  the 
curve  shown  in  Fig.  1673.  The  student  should  compare 
this  curve  with  that  shown  in  Fig.  1662.  The  scale  used 
for  the  efficiency  in  Fig.  1673  is  larger  than  that  in 
Fig.  1662,  in  order  to  show  the  variation  of  efficiency  more 
clearly,  but  it  will  be  noticed  that  the  curves  have  the  same 
general  characteristics.  The  variation  in  efficiency  in  this 
case  is  not  more  than  3^  from  ^  load  to  25^  overload.  It 
will  be  seen  from  the  table  that  the  efficiency  begins  to  drop 
oflf  when  the  transformer  is  overloaded,  owing  to  the  rapid 
increase  of  the  CR  losses. 


ALL-DAY  EFFICIENCY. 

4232.  The  efficiency  which  actually  determines  the 
cost  of  operating  the  transformer  is  the  all-day  efficiency, 
or  the  ratio  of  the  watts  useful  output  per  day  to  the  watts 
supplied  during  the  day.  This  will  depend  upon  the  length 
of  time  during  the  day  that  the  transformer  is  doing  useful 
work.  For  example,  suppose  the  transformer  were  worked 
during  the  24  hours  an  amount  equivalent  to  full  load  for 
6  hours,  and  that  it  remained  idle  an  amount  of  time  equiva- 
lent to  18  hours.  The  core  losses  would  goon  for  the  whole 
24  hours,  because  the  pressure  is  maintained  across  the  lines, 
whether  the  transformer  is  working  or  not.  The  watt- 
hours  wasted  in  the  form  of  core  losses  in  one  day  would 
therefore  be  124  X  24  =  2,976.  The  copper  losses  during 
one  day  would  be  equivalent  to  the  sum  of  the  primary  and 
secondary  full-load  copper  losses  for  6  hours.  Hence  the 
watt-hours  energy  wasted  in  CR  losses  per  day  will  be 
146.8  X  6  =  880.8.  The  useful  energy  delivered  during  the 
day  is  equivalent  to  full  load  for  6  hours,  or  8,000  X  6  =  48,000 
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watt-hours.      The  energy  which  must  be    supplied    during 

the  day  is 48,000 +2,976 +  880.8  =  51,856.8  watt-hours,  and 

4S  000 
theall-day  efficiency  under  these  conditions  is -—-+——  =  .925. 
■^  ^  51, 806.8 

This  means  that  of  all  the  energy  delivered  to  the  trans- 
former during  24  hours,  92. 5,*^  is  converted  into  useful  energy 
and  the  remainder  wasted.  If  the  transformer  were  loaded 
for  a  longer  period  during  the  day,  the  useful  work  done 
would  be  greater  and  the  C^  R  loss  would  also  be  greater. 
The  core  loss  would  remain  the  same  as  before,  so  that  the 
all-day  efficiency  would  depend  upon  the  relation  between 
the  copper  and  iron  losses.  For  example,  suppose  the 
transformer  were  fully  loaded  for  10  hours  instead  of  6.  The 
useful  work  would  be  80,000  watt-hours  and  the  energy 
wasted  in  copper  losses  1,468  watt-hours.  The  core  loss 
would  be  2,976  as  before,  and  the  total  energy  supplied 
would  be  84,444,  giving  an  all-day  efficiency  of  about  94.75^. 
The  condition  of  load  for  which  any  given  transformer  will 
give  its  maximum  all-day  efficiency  depends,  therefore,  upon 
the  relation  between  the  copper  and  iron  losses.  It  also 
follows  that  if  the  transformer  is  to  be  loaded  for  a  short 
period  only  during  the  day,  the  iron  losses  should  be  small 
if  the  all-day  efficiency  is  to  be  high. 


MAGNETIZING  CURRENT. 

4233.  The  current  which  the  primary  of  a  transformer 
takes  from  the  line  when  its  secondary  is  on  open  circuit  is 
usually  spoken  of  as  the  magnetizing  current,  although, 
strictly  speaking,  it  is  the  resultant  of  the  magnetizing 
current  proper  and  the  current  which  represents  the  energy 
necessary  to  supply  the  core  losses.  It  is  important  that 
this  no-load  current  should  be  small,  because  if  a  large  num- 
ber of  transformers  are  connected  to  the  line,  the  sum  of  all 
the  magnetizing  currents  required  by  the  separate  trans< 
formers  may  represent  a  considerable  current  to  be  supplied 
from  the  station.  This  means  that  the  alternator  may  be 
^Jelivering  a  fairly  large  current  when  no  useful  work  is 
J/.  E.    /r.    59 
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being  done.  It  is  true  that  this  current  may  not  represent 
very  much  power,  because  it  is  considerably  out  of  phase 
with  the  current,  but  it  loads  up  the  lines  and  alternator, 
and  thus  limits  their  useful  current-carrying  capacity.  The 
no-load  current  is  made  up  of  two  components,  one  of  which 
is  the  magnetizing  current,  or  the  current  which  sets  up 
the  ampere-turns  necessary  to  drive  the  flux  around  the 
core.  The  other  component  represents  that  current  which 
is  necessary  to  supply  the  core  losses,  and  is  in  phase  with 
the  impressed  E.  M.  F.  The  core  loss  in  this  case  is  124 
watts;  hence  this  component  of  the  no-load  current  will  be 
■^^^^  =  ,062  ampere. 

4234.  The  component  of  the  no-load  current  which 
represents  the  current  necessary  to  set  up  the  magnetic  flux 
may  be  obtained  as  follows:  For  a  magnetic  density  of 
30, 000  lines  per  square  inch,  we  will  require  about  5. 5  ampere- 
turns  per  inch  length  of  the  circuit  for  a  good  quality  of 
transformer  iron.  The  mean  path  for  the  magnetic  flux  is 
shown  by  the  dotted  line,  Fig.  1670,  and  the  length  of  this 
circuit  is  about  60  inches.  The  ampere-turns  required  to  set 
up  the  flux  will  then  be  60  X  5.5  =  330.  The  number  of 
primary  turns  surrounding  the  circuit  is  2,040.  We  have 
then  ; 

Magnetizing  current  X  2,040  =  330, 
or  current  =  .162  ampere. 

The  no-load  current  is  therefore  made  up  of  the  two  com- 
ponents .062  and  .162  at  right  angles  to  each  other,  and  its 
value  is 

C„,  =  i/.062''-f  .162'  =  .17  ampere. 

This  is  the  current  which  the  transformer  will  take  from 
the  line  when  it  is  operating  under  no  load.  This  does  not 
mean,  however,  that  it  is  consuming.  17x2, 000 or  340  watts, 
because  the  no-load  current  is  always  considerably  out  of 
phase  with  the  E.  M.  F.,  and,  as  a  matter  of  fact,  the  trans- 
former consumes  only  sufficient  power  to  make  up  for  the 
core  losses  and  the  slight  loss  in  the  primary  due  to  the  . 
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no-load  current.  At  no  load  the  power  factor  may  be  consid- 
erably less  than  1,  but  as  the  load  is  increased  the  current 
and  E.  M.  F.  shift  into  phase  until  the  power  factor  at  full 
load  is  very  nearly  unity. 


REGULATION. 

4235.     The  secondary  voltage  will  fall  off  as  the  load  is 

applied,  and  it  is  important  that  this  falling  off  should  be 
slight.  In  well-designed  transformers  the  falling  off  in 
secondary  voltage  may  vary  from  1  to  2.5  or  3^,  depending 
on  the  output.  This  drop  is  due  to  magnetic  leakage  and 
the  resistance  of  the  primary  and  secondary  coils.  In  the 
type  of  transformer  designed,  the  falling  off  due  to  magnetic 
leakage  will  be  quite  small,  because  the  coils  are  wound  one 
over  the  other,  making  the  path  between  the  coils,  through 
which  leakage  is  set  up,  long  and  of  small  cross-section. 
The  leakage  drop  would  not  likely  amount  to  more  than 
.2  or  .3  volt.  The  drop  in  the  secondary  coils  at  full  load 
will  be  current  X  resistance  =  80  X  .  106  =  .  85  volt.  The  drop 
in  the  primary  at  full  load  due  to  the  primary  resistance 
will  be  4.25  X  4.38  =  18.6   volts.      This  drop  of  18.6  volts 

1 8  fi 

in  the  primary  will  cause  a  corresponding  drop  of       '    = 

.93  volt  in  the  secondary,  making  a  total  drop  due  to  resist- 
ance of  .93  +  .85  =  1.78  volts.  The  total  drop  due  to  leakage 
and  resistance  combined  would  therefore  be  under  2  volts, 
or  2^  of  the  output,  which  is  close  enough  regulation  for  all 
practical  purposes. 

CONSTRUCTION. 
423B.  The  construction  and  arrangement  of  the  core 
and  coils  will  be  understood  by  referring  to  Fig.  1674.  This 
shows  an  elevation  of  the  assembled  transformer  with  a 
longitudinal  section  of  the  coils  showing  the  windings  and 
insulation.  The  core  is  built  up  out  of  thin  iron  strips, 
which  are  interleaved  at  the  corners,  so  as  to  practically  do 
away  with  joints  in  the  magnetic  circuit.     The  plates  ar? 
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shown  held  in  position  by  clamps  a,  drawn  up  by  bolts  d, 
though  some  makers  use  bolts  passing  through  the  plates  at 
the  corners.  It  is  best,  however,  to  avoid  bolts  passing  through 
the  core  if  possible.  The  terminals  of  the  coils  should  be 
very  heavily  insulated,  and  may  be  run  to  a  connection  board 


of  some  kind  within  the  transformer,  or  taken  directly  out 
through  the  case.  Transformers  in  sizes  up  to  20  or  30  K.  W. 
are  usually  placed  in  an  iron  case  arranged  for  mounting  on 
poles.  These  transformer  cases  should  be  weather-proof, 
and  made  as  light  as  possible  consistent  with  the  necessary 
strength.     They  are  generally  designed  with  a  view  to  being 
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filled  with  oil.  Fig.  1675  shows  a  case  suitable  for  the 
transformer  designed.  This  is  made  of  cast  iron  about  -^^  or 
^  in.  thick.  The  case  a  is  provided  with  a  cover  b,  which 
is  bolted  on  by  means  of  the  bolts  d.  The  overlapping 
flange  and  gasket  c  serve  to  make  the  cover  water-tight. 
The  transformer,  which  is  shown  by  the  dotted  outline,  is 
held  in  place  either  by  wooden  wedges  or  by  set-screws,  the 
latter  being  preferable.  The  primary  terminals  are  brought 
out  through  the  bushings  e,  and  four  bushings  f  are  pro- 
vided on  the  front  of  the  case  for  the  secondary  terminals. 
The  bushings  should  be  of  heavy  hard  rubber  or  porcelain, 
and  so  constructed  that  they  will  prevent  leakage  of  current 
from  the  lines  to  the  case.  These  outlets  should,  of  course, 
be  directed  downwards,  so  that  the  wires  may  be  looped 
into  them,  thus  preventing  water  from  getting  into  the  case. 
Lugs  g,  g  of  some  kind  should  be  provided  on  the  back  of 
the  case  for  attaching  suspension  hooks  for  hanging  the 
transformer  on  the  pole.  Fuses  are  usually  provided  between 
the  primary  and  the  line,  but  these  are  generally  mounted 
outside  the  transformer  case  in  separate  fuse  boxes  of  special 
construction.  Secondary  fuses  are  not  provided  at  the 
transformer,  the  fuses  in  connection  with  the  secondary 
service  wires  being  depended  upon  to  protect  the  second- 
ary circuit.  For  large  indoor  transformers,  only  sufficient 
covering  is  used  to  protect  the  coils,  a  regular  case  being 
unnecessary,  as  well  as  interfering  with  the  ventilation. 

4237.  The  transformer  which  has  been  worked  out  is  one 
such  as  would  be  used  on  an  ordinary  lighting  circuit.  The 
method  of  designing  a  step-up  transformer  would  be  essen- 
tially the  same,  except  that  extra  precautions  would  be 
taken  to  ensure  very  high  insulation,  and  requiring  a  larger 
allowance  of  winding  space.  The  design  of  a  shell  trans- 
former may  be  also  carried  out  in  about  the  same  way. 
The  core  proportions  shown  in  Fig.  1076  may  be  taken  as  a 
starting-point.  All  dimensions  are  referred  to  the  width  of 
the  tongue  a,  which  carries  the  lines  through  the  coils.  The 
length  of  the  core  may  be  from  3  to  7  times  a.     The  height 
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of  the  winding  space  is  usually  from  2  to  3  times  «,  and  the 
breadth  from  .7  to  .8  times  a.  The  thickness  of  the  outer 
part  of  the  shell  around  the  coils  is  necessarily  h  n,  because 


Fig.  1676. 


this  part  of  the  core  carries  one-half  the  flux  passing  through 
the  coils.  In  this  type  of  transformer,  the  allowance  of 
copper  will  usually  be  somewhat  less  than  in  the  core  type, 
because  the  winding  space  is  more  restricted. 


INDUCTION   MOTORS. 

4238.  In  many  respects  the  action  of  an  induction 
motor  resembles  that  of  a  transformer,  and  consequently 
parts  of  its  design  can  be  carried  out  by  methods  similar  to 
those  used  in  designing  transformers.  The  primary  of  the 
induction  motor,  that  is,  the  part  into  which  currents  are  led 
from  the  line,  corresponds  to  the  primary  coil  of  the  trans- 
former, while  the  secondary,  or  the  part  in  which  the  cur- 
rents are  induced,  corresponds  to  the  se<  iiulaiy  ciil  "t  the 
transformer.  This  relation  holds,  whether  the  primary  or 
secondary  of  the  induction  motor  is  the  revolving  part;  but 
in  all  that  follows  wr  will  consiilcr  ilu'  i)rimary  as  being  fixed 
and  the  secondary  as  revolving.  In  such  an  arrangement, 
the  fixed  primary  is  commonlv  sjioken  of  as  the  field,  or 
stator,  while  the  secondary  is  spokrn  of  as  the  :iriiiatiirc, 
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or  rotor.  Either  the  primary  or  secondary  may  be  the 
revolving  member,  but  the  stationary  primary  with  revolv- 
ing secondary  is  the  more  common  arrangement.  The  iron 
part  on  which  the  primary  and  secondary  conductors  are 
arranged  performs  a  duty  similar  to  that  of  a  transformer 
core,  that  is,  it  serves  to  carry  the  flux  set  up  by  the  primary 
coils  through  the  secondary,  and  thus  causes  an  E.  M.  F.  to 
be  set  up  in  the  secondary.  The  essential  difference  between 
an  induction  motor  and  a  transformer  is  that  in  the  latter 
case  the  secondary  core  and  windings  are  fixed  as  regards 
the  primary,  and  the  E.  M.  F.  generated  in  the  secondary 
is  made  use  of  to  supply  useful  electrical  energy  to  an  out- 
side circuit;  while  in  the  former  case  the  secondary  core 
and  windings  revolve  with  regard  to  the  primary,  and  the 
mechanical  torque  action  between  the  primary  and  sec- 
ondary is  made  use  of  to  deliver  mechanical  energy.  The 
currents  generated  in  the  secondary  are  not  led  into  an  out- 
side circuit,  but  flow  within  the  secondary  itself,  in  order 
that  they  may  react  on  the  field  produced  by  the  primary, 
and  so  cause  the  armature  or  secondary  to  exert  the  required 
effort  at  the  pulley.  A  transformer  supplied  with  a  constant 
primary  pressure  will  furnish  a  nearly  constant  secondary 
pressure  independently  of  the  load;  an  induction  motor 
when  supplied  with  a  constant  primary  pressure  will  run  at 
nearly  constant  speed  independently  of  the  load. 


LIMITATION    OF    OUTPUT. 

4239.  The  output  of  induction  motors,  like  that  of  alter- 
nators and  transformers,  is  limited  principally  by  the  heating 
effect  due  to  the  various  losses  which  occur  in  the  motor  when 
it  is  loaded.  The  principal  loss  is  that  due  to  the  resistance 
of  the  primary  and  secondary  conductors,  although  the 
hysteresis  and  eddy-current  losses  may  also  be  considerable 
if  the  motor  is  not  properly  designed.  If  an  induction 
motor  be  overloaded  considerably,  the   armature  currents 
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react  excessively  on  the  field,  causing  excessive  magnetic 
leakage  along  the  air-gap,  and  greatly  lessening  the  torque 
between  the  field  and  armature.  If  the  overload  is  suffi- 
ciently great,  the  torque  will  be  reduced  to  such  an  extent 
that  the  motor  will  stop.  Usually,  however,  an  induction 
motor  may  be  loaded  for  short  periods  beyond  its  full-load 
capacity  without  danger  of  overheating  or  stopping. 


PHIMARV   CORE   LOSSES,   MAGNETIC  DENSITIES,  ETC. 

4240.  The  losses  in  the  primary  are  made  up  of  the 
core  loss  due  to  hysteresis  and  eddy  currents,  and  the  cop- 
per loss  due  to  the  resistance  of  the  primary  winding.  The 
frequency  of  the 
changes  in  the  mag- 
netism of  the  pri- 
mary is  the  same  as 
the  frequency  of 
the  current  mag- 
netizing it;  hence 
the  lower  the  fre- 
quency at  which 
the  motor  is  oper- 
ated, the  higher  the 
allowable  value  of 
the  magnetic  den- 
sity in  the  primary 
core.  The  core 
densities  used  for 
such  motors  should, 
on  the  whole,  there- 
fore, be  about  the 
same  as  the  core 
densities    used    for 
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transformers  operating  at  the  same  frequency.  The  curve, 
Fig.  1(577,  shows  the  relation  between  the  maximum  value 
of  the  density  and   the  frequency,  based   on   values  given 


2872  DESIGN  OF  ALTERNATING 

by  Kolben.  The  densities,  on  the  whole,  are  low,  and 
lie  between  40,000  and  20,000  lines  per  square  inch  through- 
out the  range  of  frequencies  commonly  met  with  in  prac- 
tice. This  curve  gives  the  density  in  the  core  proper;  the 
density  in  the  teeth  of  the  primary  and  secondary  may 
be  double  these  values  without  making  the  hysteresis  loss 
very  large,  the  volume  of  the  teeth  being  small.  Motors 
are  also  commonly  built  in  which  the  magnetic  density  will 
be  found  less  than  that  given  by  the  curve,  but  the  values 
shown  should  not,  as  a  rule,  be  exceeded.  Induction  motors, 
like  alternators,  are  generally  built  with  several  poles,  so 
that  the  magnetic  flux  is  subdivided.  The  required  cross- 
section  of  iron  in  the  yoke  is,  therefore,  small,  and  a  low 
magnetic  density  may  be  used  without  making  the  machine 
very  heavy.  The  eddy-current  loss  in  the  primary,  like  that 
in  transformer  cores,  can  be  kept  down  to  a  very  small 
amount  if  thin  disks  are  used  and  the  core  built  up  so  that 
there  is  no  electrical  connection  between  them.  The  thick- 
ness of  stampings  used  is  about  the  same  as  for  alternator 
armature  cores,  namely,  from  .012  in.  to  .018  in. 


SECONDARY     CORE    LOSSES,    MAGNETIC    DENSITIES,    ETC. 

4241.  The  core  losses  in  the  secondary  are  usually 
quite  small.  This  is  due  to  the  fact  that  the  frequency  of 
the  reversals  of  magnetism  in  the  secondary  is  low.  If  the 
armature  were  standing  still,  the  slip  between  primary  and 
secondary  would  be  100^,  and  the  frequency  of  the  magnetic 
cycles  in  the  secondary  would  be  the  samp  as  in  the  pri- 
mary. When,  however,  the  motor  is  running  under  normal 
conditions,  the  slip  may  not  be  more  than  from  2  to  5^. 
The  frequency  of  the  magnetic  cycles  in  the  armature  will 
therefore  be  only  from  2  to  bfo  of  the  frequency  in  the  field, 
and  the  core  losses  will  therefore  be  correspondingly  small. 
The  armature  iron  is  usually  worked  at  about  the  same 
density  as  that  in  the  field,  the  density  in  the  teeth  being 
about  double  that  in  the  core  proper. 
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♦ 
INDUCTION-MOTOR    WINDINGS. 


PRIMARY      WIMilNO. 

4242.  The  winding  on  the  primary  must  be  so  designed 
that  it  will  generate  a  counter  E.  M.  F.  ecjual  and  opposite  to 
that  of  the  mains,  neglecting  the  small  drop  due  t<>  the  resist- 
ance of  the  coils.  It  is  therefore  determined  in  a  manner 
similar  to  that  used  for  the  calculation  of  the  primary  winding 
for  a  transformer.  In  some  of  the  earlier  forms  of  induction 
motors  the  coils  were  wound  on  salient  poles,  as  sh')wn  in 
Figs.  15G9  and  1570,  Theory  of  Alternating-Current  Appara- 
tus, but  in  modern  machines  they  are  placed  in  slots  in  the 
same  way  as  windings  for  alternator  armatures.  Most 
induction  motors  are  of  the  two  or  three  phase  type,  and  the 
field  winding  of  such  machines  is  carried  out  in  the  same 
way  as  the  winding  for  the.  armature  of  a  two  or  three 
phase,  alternator.  The  primary  winding  may  be  concen- 
trated or  distributed,  the  latter  arrangement  being  most 
generally  used  for  machines  operating  at  moderate  pressures. 
We  may  then  use  formula  670  to  show  the  relation  between 
the  pressure,  turns,  flu.x,  and  frequency.  We  may  write, 
then,  for  induction-motor  windings 

where 

E  =  E.  M.  F.  generated  by  or  impressed  on  each  pliase; 

7'  =  number  of  turns  connected  in  series  per  phase; 

jV  —  maximum  total  magnetic  flux  from  one  pole; 

;/  —  frequency  (cycles  per  second) ; 

X'  =  a  constant  depending  on  the  style  of  winding  used. 

For  a  concentrated  winding,  that  is,  one  with  one  group 
of  conductors  per  pole-piece  per  phase,  I' =  1.  For  a  uni- 
formly distributed  two-phase  winding,  X'=.'.i(>.  F<>r  a 
uniformly  distributed  three-phase  winding,  X*  =  .'.t."i.  (See 
Art.  4090.)  If  the  winding  is  only  partially  distributed, 
the  value  of  /•  will  lie  between  tlu-  vahns  >•  i\en  above  and  1. 
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It  will  be  noticed  that  for  a  given  value  of  the  flux,  fre- 
quency, and  number  of  volts  applied,  the  number  of  turns 
required  for  a  distributed  winding  is  but  slightly  less  than 
that  required  for  a  concentrated  winding,  the  difference 
being  about  10^  for  a  two-phase  motor  and  5^  for  a  three 
phase.  The  distributed  windings  are  preferred,  because  with 
them  there  is  less  magnetic  leakage  between  the  primary 
and  secondary,  and  the  action  of  the  motor  is  also  more 
uniform.  Generally,  the  primary  slots  occupy  about  one-half 
the  circumference  of  the  primary  core,  as  this  arrangement 
allows  a  fair  amount  of  space  for  the  windings  without 
forcing  the  density  in  the  teeth  too  high. 

4243.  The  cross-section  of  the  conductor  used  for  the 
primary  winding  is  determined  by  the  full-load  current  which 
the  motor  takes  in  each  phase.  The  relation  of  this  current 
to  the  full-load  current  taken  from  the  mains  will,  of  course, 
depend  upon  the  way  in  which  the  different  phases  are  con- 
nected up.  At  least  600  circular  mils  per  ampere  should  be 
allowed  in  the  primary  conductor.  The  primary  is  usually 
stationary,  and  can  not,  therefore,  radiate  its  heat  as  readily 
as  if  it  were  revolving.  For  this  reason,  the  current  den- 
sity should  be  kept  as  low  as  possible  without  making  the 
space  occupied  by  the  windings  too  large.  Induction-motor 
fields  usually  present  quite  a  large  radiating  surface,  and 
are,  moreover,  generally  supplied  with  air-ducts,  a  draft 
through  which  is  caused  by  the  armature.  If  it  were  not 
for  this,  the  allowance  per  ampere  would  have  to  be  consider- 
ably more,  but  usually  the  allowance  is  between  GOO  and  800. 

4244.  The  primary  winding  may  be  made  up  of  bars 
or  coils,  depending  upon  the  voltage  at  which  the  machine 
is  to  operate,  coils  being  used  on  most  machines  of  moderate 
size.  These  are  arranged  in  the  same  way  as  has  already 
been  described  for  two  and  three  phase  armatures,  and  what 
has  been  said  as  regards  the  insulation,  etc.,  of  such  arma- 
tures applies  also  to  induction-motor  primaries.  The  pri- 
mary winding  is  very  often  arranged  in  two  layers,  coils  of 
the  shape  shown  in  Fig.  1G08  being  used. 
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SECONDARY  WIXDIXG. 

42-45.  The  number  of  conductors  used  for  the  secondary 
winding  is  largely  a  matter  of  choice.  The  motor  may  be 
built  with  any  ratio  of  transformation,  that  is,  with  any 
ratio  of  primary  to  secondary  conductors,  and  work  well.  It 
is  desirable,  however,  to  make  the  resistance  of  the  second- 
ary low,  and  to  get  as  large  a  cross-section  of  copper  as 
possible  into  the  slots.  For  this  reason,  it  is  usual  to  pro- 
vide the  secondary  with  only  one  or  two  bars  to  each  slot, 
the  space  taken  up  by  insulation  being  thus  reduced  to  a 
minimum.  The  bars  used  are  generally  rectangular  in  sec- 
tion, though  in  some  machines  round  bars  have  been  used. 

4246.  The  secondary  conductors  are  in  many  cases 
grouped  into  a  regular  two  or  three  phase  bar  winding 
similar  to  that  shown  in  Fig.  1594,  the  winding  generally 
being  in  two  layers.  It  is  necessary  to  use  a  wound  second- 
ary of  this  kind  when  it  is  desired  to  insert  resistance  in 
series  with  the  secondary,  either  for  the  purpose  of  securing 
a  good  starting  torque  or  regulating  the  speed.  When  this 
is  done,  the  winding  is  connected  up  according  to  the  Y 
method,  and  the  three  terminals  brought  to  collector  rings, 
as  shown    in    Fig.    1678.  9 

The  three  phases  /„  /„  ,'|\^  *\^|»1 

and    /,    are     thus     con-  /  W'\  t 

nected    to    the  three   re-        /  ^ii    \ 
sistances  r,,  r^,  and  r„  as  J^^,    ^^Eg^  ] 

shown.      When    the    mo-  -J 

tor  is  being  started,  the  ' 

phases  are  connected   to  T    < 

the    points  a,   b,   and   r,  Vl 

and     the     resistance     is  p,g.  igTg.  < 

gradually  cut  out  as  the  motor  runs  up  to  speed.  When 
the  resistance  is  all  cut  out,  the  phases  are  practically 
short-circuited,  as  shi'wn  by  ihr  liMHtMi  lines.  li\  ra-;r  the 
resistance  is  used  for  starting  only,  and  not  tor  regulating 
the  speed,  the  resistances  may  be  mounted  within  the  arma- 
ture spider  and  cut  out  by  a  special  .swiu  h,    thus  avoiding 
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the  use  of  collector  rings.  In  all  cases,  however,  where  it  is 
desired  to  regulate  the  speed  by  the  insertion  of  resistance 
in  the  secondary  circuit,  collector  rings  are  necessary. 

4247.  When  it  is  not  desired  to  insert  resistance  in  the 
secondary  circuit,  a  plain  squirrel-cage  winding  may  be  used, 
such  as  is  shown  in  Fig.  1571,  of  the  section  on  Theory  of 
Alternating-Current  Apparatus.  There  is  in  this  case  only 
one  bar  in  each  slot,  all  of  them  being  connected  by  cop- 
per short-circuiting  rings  at  each  end  of  the  armature.  In 
starting  up  a  motor  with  a  squirrel-cage  secondary,  the  pri- 
mary voltage  should  be  cut  down  by  means  of  resistance  or 
otherwise,  so  as  to  prevent  a  heavy  rush  of  current.  The 
insertion  of  resistance  in  the  primary  has  the  effect  of 
cutting  down  the  starting  torque,  so  that  in  cases  where  a 
very  strong  starting  torque  is  desired,  it  is  best  to  insert 
the  resistance  in  the  secondary.  The  squirrel-cage  con- 
struction gives  a  durable  and  efficient  armature,  because 
the  winding  is  extremely  simple,  and  the  end  oonnections 
between  the  bars  are  of  very  low  resistance.  Since  the 
voltage  generated  in  an  induction-motor  secondary  is  very 
low,  the  insulation  between  the  bars  and  core  need  not  be 
very  heavy,  as  the  danger  of  burn-outs  is  almost  nil  and 
short-circuits  do  not  count  for  anything,  because  the  bars 
are  short-circuited  anyway  by  the  end  connecting  rings. 
Usually  the  number  of  slots  in  the  secondary  is  different 
from  the  number  in  the  primary,  though  this  is  not  abso- 
lutely necessary.  The  use  of  a  different  number  of  slots 
tends  to  avoid  any  dead  points  at  starting,  and  prevents 
the  motor  from  acting  merely  as  a  static  transformer  with 
a  short-circuited  secondary.  The  lower  the  resistance  of 
the  secondary,  the  lower  will  be  the  voltage  which  must  be 
generated  in  it  to  set  up  a  given  current.  The  voltage 
generated  depends  upon  the  slip  between  the  armature  and 
field;  consequently  for  a  given  load  and  corresponding 
secondary  current,  the  slip  will  be  smaller  the  lower  the 
armature  resistance,  other  things  being  equal.  It  follows, 
therefore,  that  machines  with  low-resistance  armatures  will 
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give  better  speed  regulation  than  tliose  in  whicn  the  arma- 
ture resistance  is  high.  This  corresponds  to  the  action  of 
continuous-current  motors;  the  lower  the  armature  resist- 
ance of  a  shunt-wound  motor,  the  better  will  be  its  speed 
regulation.  

POWER  FACTOR. 

4248.  It  is  important  that  the  power  factor  of  an 
induction  motor  be  high,  otherwise  it  will  take  an  excessive 
amount  of  current  for  a  given  amount  of  power  delivered, 
on  account  of  the  angle  of  lag  between  the  current  and 
E.  M.  F.  In  order  that  the  power  factor  may  be  high  when 
the  motor  is  loaded,  the  magnetic  leakage  and  consequent 
inductance  must  be  kept  low.  This  may  be  done  by  using 
a  small  air-gap,  subdivided  windings,  and  slots  which  are 
partially  opened  at  the  top.  The  power  factor  of  a  motor 
at  full  load  will  depend  somewhat  upon  its  size;  motors 
from  10  to  20  H.  P.  should  have  a  full-load  power  factor  of 
about  .85.  

LENGTH  OF  AIR-GAP. 

4249.  The  current  necessary  to  set  up  the  magnetic 
flux  through  the  field  will  be  largely  dependent  upon  the 
length  of  air-gap  between  the  primary  and  secondary, 
because  this  constitutes  by  far  the  greater  part  of  the  reluc- 
tance of  the  magnetic  circuit.  In  a  transformer  it  is  not 
necessary  to  have  any  air-gap  in  the  magnetic  circuit,  hence 
the  magnetizing  current  can  be  made  quite  small.  In  an 
induction  motor,  however,  an  air-gap  is  unavoidable,  and 
all  that  can  be  done  is  to  reduce  this  to  the  smallest  possible 
amount.  The  air-gap  between  the  field  and  armature  of 
induction  motors  is  therefore  made  as  small  as  the  necessary 
mechanical  clearance  will  permit.  For  small  motors  the 
single  air-gap  may  not  be  more  than  ^^  in.  For  larger 
machines  it  would  be  somewhat  greater  than  this,  on  account 
of  the  difficulty  of  centering  large  armatures  exactly,  and 
to  prevent  the  armature  touching  the  field  in  case  the  bear- 
ings should  wear  slightly.  The  air-gap  in  machines  from 
JO  H.  P.  up  to  50  H.  P.  may  be  from  -,V  in.  to  ^'t  in. 
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DESIGN  OF  lO  H,  P.  MOTOR. 
4250.  In  order  to  illustrate  the  design  of  a  simple 
induction  motor,  we  will  take  an  example  and  make  the 
calculations  required  for  the  windings  and  core.  Many  of 
the  mechanical  details  are  similar  to  those  which  have 
already  been  described  for  alternators,  so  that  they  need 
not  be  taken  up  in  detail;  those  parts  which  differ  mate- 
rially will  be  described  as  the  design  is  worked  out.  We 
will  take  for  an  example  a  10-horsepower  three-phase  motor 
with  stationary  primary  and  revolving  secondary.  The 
primary  will  be  provided  with  a  distributed  winding  placed 
in  slots,  the  secondary  being  provided  with  a  squirrel-cage 
winding.  We  will  suppose  that  the  following  quantities  are 
given : 

Output  at  pulley,  10  horsepower; 

Line  voltage,  220  volts; 

Frequency,  GO  cycles  per  second; 

Power  factor  at  full  load,  .85; 

Commercial  efficiency  at  full  load  about  85j^. 


FULL-LOAD  CURRENT  IN  PRIMARY. 

4251.     The  output  is  to  be  10  H.  P.  or  10  x  746  =  7,460 
watts  =  IV.     The  actual  power  to  be  delivered  to  the  motor 

at  full  load  will  therefore  be  '^4^  =  8,776  watts  =  W. 

.80 

The    true    watts    delivered  to  the    motor  at   full  load  is 

equal   to  the  product  of  the    volts  and   amperes    into    the 

power  factor  cos  <?,  where  <?  is  the  angle  of  lag  between  the 

current  and  E.  M.  F.     We  have  then 

true  watts  /— ^«  \ 

apparent  watts  = ^ — ;  (702.) 

cos  0  =  .85  in  this  case;  hence  we  have 

apparent  watts  =  ^^^  =  10,324  =  IV". 

.  o5 

For   a    three-phase    motor    we    have,    by    formula    6525 
Theory  of  Alternating-Current  Apparatus, 

W"  =  r^/3, 
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where  E  is  the  voltage  between  the  lines  and  C  the  current 
in  each  line;  hence, 

10,324=  rx220x  -/S. 

J.         10,324  _  ^  , 

C  = p=.  =  27. 1  amperes,  nearly. 

220x4/3 

The  full-load  current  in  the  line  will  therefore   be  27.1 

amperes,  and  the  current  in  each  phase   will  also   be  27.1 

amperes  if  we  adopt  a  Y  winding  for  the  primary.     If  we 

27  1 
used  a  A  winding,  the  current  in  each  phase  would  be — ^  = 

>/3 

15.7  amperes,  nearly. 

4252.  Since  the  current  in  each  phase  is  compara- 
tively small,  we  will  use  the  Y  method  of  connection  for  the 
primary  winding.  The  current  in  the  primary  conductor 
will  therefore  be  27.1  amperes.  Allowing  650  circular  mils 
[)er  ampere,  we  get 

27.1  X  050  =  17,615  circular  mils. 

This  is  the  approximate  cross-section  of  conductor 
required.  A  No.  8  B.  &  S.  wire  has  a  cross-section  of 
16,510  circular  mils,  so  we  will  use  it  for  the  winding. 
The  insulated  diameter  of  this  wire  will  be  about  .144  in. 


PERIPHERAL  SPEED  AXD  DIAMETER  OF  ARMATURE. 

4253.  If  the  speed  of  rotation  and  the  frequency  are 
fi.xed,  the  number  of  poles  for  which  the  field  must  be  wound 
is  at  once  determined;  or,  if  the  number  of  poles  and  fre- 
quency be  fixed,  the  speed  of  rotation  at  no  load  at  once 
follows,  because  at  no  load  the  speed  of  the  armature  is 
almost  exactly  equal  to  that  of  the  revolving  field,  the  slip 
being  very  small.     If  we  wind  the  field  so  as  to  have  6  poles, 

the  speed  at  no  load  will  be  very  nearly  s  =  — .        . 7—  = 

pairs  of  poles 

i^  =  20  revolutions  per  second,  or  1,200  revolutions  per  min- 
ute. If  the  field  were  wound  for  8  poles,  the  speed  would  be 
900  revolutions  per  minute.    As  this  motor  is  not  of  very  large 

U.  E.    IV.— 50 
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size,  1,200  revolutions  per  minute  will  be  a  fair  speed  for  it. 
If  we  used  the  8-pole  arrangement,  we  would  obtain  a  lower 
speed,  but  the  motor  would  be  larger  and  more  expensive; 
we  will  therefore  adopt  the  6-pole,  1,200-re volution  arrange- 
ment. As  the  output  of  induction  motors  is  increased,  it  is 
usual  to  increase  the  number  of  poles  also,  so  as  to  lower  the 
speed. 

4254.  Induction  motors  are  run  at  moderately  high 
peripheral  speeds,  usually  lying  between  3,000  and  5,000 
feet  per  minute.  For  a  motor  of  the  size  under  considera- 
tion, 4,000  feet  per  minute  will  be  a  fair  value.  The  outside 
diameter  of  the  armature  will  therefore  be 

,  _  peripheral  speed  X  12  _  4,000  X  12  _  . 

"  ""  R.  P.  M.  X  r.  ~   1,200  X^  ~  ^"" 

(See  Art.  4127.) 

We  will  therefore  adopt  12|-  in.  as  the  outside  diameter  of 
the  armature.  The  circumference  of  the  armature  will  be 
about  40  in.  The  inside  diameter  of  the  field  will  be  equal 
to  the  outside  diameter  of  the  armature  plus  the  air-gap 
required  for  mechanical  clearance.  For  an  armature  of 
this  diameter  -^^  in.  on  each  side  should  be  sufficient,  so  that 
the  inside  diameter  of  the  field  will  be  12.75  +  -5^^.=  l^fi  i"- 
The   inside  circumference  of  the  field  will  be  about  40.3  in. 


PRIMARY    WINDING. 

4255.  We  will  use  a  primary  winding  which  is  sub- 
divided. If  the  winding  is  subdivided  to  a  large  extent,  a 
large  number  of  slots  vrill  be  required  to  accommodate  it. 
It  is  usually  sufficient,  however,  for  motors  ranging  from  10 
to  100  H.  P.  to  use  from  2  to  4  coils  per  pole  per  phase,  and 
for  the  present  case  we  will  take  3  coils  per  pole  per  phase 
as  a  trial  arrangement.  The  winding  will  be  arranged  in 
two  layers;  hence  there  will  be  as  many  slots  as  coils.  The 
number  of  slots  will  therefore  be 

3  X  6  X  3  =  54. 
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We  will  make  the  space  along  the  circumference  occupied 
by  the  teeth  and  slots  about  equal,  so  that  the  approximate 
width  of  the  primary  slot  will  be 

''■'    =.373  in. 


2  X  54 


If  we  place  2  No.  8  wires  side  by  side  in  the  slot,  they  will 

take  up  2  X  .144  =  .288  in.,  and  if  the  slot  were  made,  say, 

f  in.  (.375)  wide,  we  would  have  87  mils  left  for  insulation,  or 

43^  mils  on  each  side.     This  amount  of  insulation  would  be 

rather  light  for  a  220-volt  machine,  so  we  will  increase  the 

width  of  the  slot  by  "5^^ in.,  making  it  .400,  or  ^|- in.  wide.   This 

will  allow  65  mils  on  each  side  for  insulation,  which  should 

be  quite  sufficient  for  a  220-volt  machine.     The  total  space 

taken  up  around  the  circumference  will  then  be  54  X  .406  = 

21.92  in.,  leaving  18.38  in.  to  be  occupied  by  the  teeth  at 

the  circumference.     The  circumferential  width  of  the  tooth 

18  38 
will  therefore  be  =  .34  in.,  nearly.     The  actual  width 

of  the  tooth  at  the  circumference  may  be  made  a  little  wider 
than  this,  so  long  as  sufficient  room  is  left  between  the  teeth 
to  slip  in  the  coils.  The  width  of  the  slot  and  tooth  at  the 
circumference  will  be  as  shown  in  Fig.  1679. 


4256.  We  must  now  make  a  trial  selection  for  the 
number  of  conductors  to  be  placed 
in  a  slot.  The  depth  of  the  slots  in 
the  primary  is  usually  from  2  to  3 
times  their  width.  It  is  not  well 
to  make  them  much  deeper  than 
this,  as  it  removes  the  bottom  con- 
ductors too  far  from  the  surface 
of  the  field.  We  will  try  an  ar- 
rangement of  6  turns  per  coil,  or 
12  conductors  per  slot.  The  slot 
will  then  be  arranged  as  shown  in 
Fig.  1679,  the  conductors  being  in-  Fig.  16T9. 

sulated  by  taping  around  the  coil,  as  well  as  by  the  trough  in 
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the  slot.  Allowing  ^  in.  for  the  space  taken  up  by  the 
wedge,  we  find  that  the  total  depth  of  slot  must  be  about 
1^  in.,  as  shown  in  the  figure. 


MAGNETIC  FLUX  IN  POLES. 

4257.  By  the  magnetic  flux  iVis  meant  the  total  max- 
imum number  of  lines  which  flow  from  one  pole-piece.  The 
pole-pieces  of  an  induction  motor  are  not  sharply  defined 
like  those  of  an  alternator  field,  but  gradually  merge  from 
one  into  the  other. 

Fig.  1680  will  help  to  convey  an  idea  as  to  the  way  in 
which  the  flux  is  distributed  around  the  face  of  an  induction- 
motor  field.    The  inner  circle  represents  the  face  of  the  field, 

which  for  the  present 
will  be  considered  as 
unbroken  by  slots. 
If  a  current  be  sent 
through  the  wind- 
ings, six  poles  will 
be  formed,  as  shown, 
and  these  poles  will 
be  continually  shift- 
ing around  the  ring. 
We  will  consider  the 
instant  when  the  cen- 
ters of  the  poles  are 
at  the  points  marked 
N,  S.  The  magnetic 
density  is  greatest 
opposite  the  center 
of  the  pole,  and  may  be  represented  by  the  arrow  a  b  dir&cted 
outwards  from  a  south  pole,  or  a'  b'  directed  inwards  from 
a  north  pole.  As  we  move  towards  either  side  of  the  center 
of  a  pole,  the  field  intensity  diminishes  until  it  becomes  zero 
at  the  point  midway  between  the  poles,  and  begins  to  increase 
again  in  the  opposite  direction.  This  variation  in  the  mag- 
netic density  at  the  various  points  of  the  pole  face  is  repre- 
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sented  quite  closely  by  a  sine  curve,  and  if  the  line  a  b  repre- 
sents the  maximum  value  of  the  density,  the  average  value 

2  2 

of  the  density  will  be  rt  <^  X —  (a v.  value  =  max.  value  X — ). 

-  -r: ' 

Hence,  if  B  represents  the  maximum  value  of  the  density, 

2 
B  X —  will  be  the  average  density.      Now  the  total  flux  N 

when  at  its  maximum  value  is  equal  to  the  area  of  the  pole 
face  multiplied  by  the  average  value  of  the  density;  or 

2 

N=  arc  ef  X  length  of  field  parallel  to  shaft  X  B  X  — .  (703.) 

^,  ,      ~  X  diameter  of  field 

The  arc  r/= r 1 \ ; 

number  of  poles 

,  -.      r  X  diam.  of  field       ,          ,     ro*,j       n       2 

hence,  N— — ^= j ; x  length  of  field  X  B  X  — ; 

No.  of  poles  - 

or  we  may  write,  for  the  length  of  field  parallel  to  the  shaft, 

^-2X./,XB'  ^^"-^-^ 

where 

N  =  the  flux  from  one  pole; 
2/  =  number  of  poles  (/  =  No.  of  pairs  of  poles); 

df—  inside  diameter  of  field; 

B  =  magnetic  density  in  the  air-gap  (maximum). 

Hence,  from  this  formula  we  can  obtain  the  length  of  the 
field  parallel  to  the  shaft  when  we  know  the  value  of  N 
and  have  decided  upon  the  air-gap  density  to  be  used.  The 
other  quantities  in  the  equation  are  already  known.  We  can 
obtain  the  value  of  the  flux  from  the  formula 

We  will  take  I'  =  .95,  as  the  winding  is  nearly  uniformly 
distributed.  There  are  18  coils  in  each  phase,  with  G  turns 
each,  so  that  the  number  of  turns  T  in  series  per  phase  is  108. 
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The  voltage  generated  in  each  phase  will  be,  neglecting  the 

resistance  drop,  -— r  =  127  volts,   because   the  armature   is 

Y'd 

Y  connected.     We  have  then 

4.44  xiVx  108  X  60  X  .95 


127  = 


10" 


or  N—-—r, — -T?^ 7:k r-,  =  464,700  lines. 

4.44  X  108  X  60  X  .95  ' 

4258.  The  magnetic  density  in  the  air-gap  should  not 
be  forced  too  high,  or  a  large  magnetizing  current  will  be 
required  to  set  up  the  flux.  From  20,000  to  30,000  lines  per 
square  inch  may  be  taken  as  fair  values  for  the  air-gap 
density.  The  density  at  the  top  of  the  teeth  would  of  course 
be  more  than  this.  We  will  take  20,000  lines  per  square 
inch  in  this  case.  Applying  formula  704,  we  have  for 
the  length  of  the  core  parallel  to  the  shaft,  the  field  diameter 
being  y^J-  in., 

._  464,700  X6X32_  „   .^  . 
^  -  2  X  411  X  20,000  -  ^-^^  '"• 

The  length  of  the  iron  part  parallel  to  the  shaft  should 
therefore  be,  say,  Sy^-  in.,  in  order  that  the  air-gap  density 
shall  not  exceed  20,000  lines  per  square  inch.  The  length  of 
core  over  all  will  be  somewhat  greater  than  this,  owing  to 
the  space  taken  up  by  insulation  between  the  disks  and  air- 
ducts  if  the  latter  are  used.  We  will  allow  f  in.  for  an 
air-duct  in  the  center  of  the  core,  and  ^  in.  for  the  space 
taken  up  by  the  insulation,  thus  making  the  spread  of  the 
laminations  over  all  6^"^  in. 

4259.  All  the  dimensions  of  the  primary  have  now  been 
determined  except  the  depth  of  the  iron  under  the  slots, 
that  is,  the  dimension  d^,  Fig.  1679.  This  must  be  made 
such  that  there  shall  be  a  sufficient  cross-section  of  iron  to 
keep  the  magnetic  density  down  to  the  proper  amount. 
Referring  to  the  curve.  Fig.  1677,  we  find  that  a  fair  value 
for  the  magnetic  density  in  the  iron  of  a  60-cycle  motor  is 
about  30,000  lines  per  square  inch.     The  magnetic  leakage 
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in  such  a  motor  is  very  small,  and  we  may  take  the  flux  in 
the  field  as  practically  the  same  as  that  in  the  air-gap.  The 
flux  through  a  cross-section  of  the  yoke  under  the  slots  will 
be  ^  JV,  because  the  flux  from  one  pole  will  divide,  one  half 
flowing  in  one  direction  and  the  other  half  in  the  other 
direction.  The  area  of  cross-section  of  iron  in  the  yoke  will 
therefore  be 

which  gives  Ay  =  —   '         =  7.73  square  inches. 

The  actual  length  of  iron  parallel  to  the  shaft  is  5^  in. ; 
hence  the  depth  of  iron  under  the  slots  must  be 

7  73 
<.  =  ^=1.43in. 

We  will  therefore  make  the  dimension  d^,  Fig.  1G79, 1-j'^  in. 
The  inside  diameter  is  12|f,  and  the  depth  of  the  slots 
1^  in.,  so  that  the  outside  diameter  of  the  stampings  for  the 
primary  willlae 

12|i-  +  2  X  li  +  2  X  ItV  =  I83V  in. 
The  complete  dimensions  of  the  primary  are  shown  by  (a), 
Fig.  1G81.  A  section  through  one  of  the  primary  slots  is 
given  at  {d),  showing  the  air-duct  d  and  a  section  of  the 
laminations.  The  primary  laminations  are  provided  with  a 
keyway  /e  for  holding  the  stampings  in  place  and  bringing 
the  slots  into  line.  There  will  be  54  slots  of  the  dimensions 
shown  in  Fig.  1679,  equally  spaced  around  the  inner  per- 
iphery. 

SECONDARY  "WIIVDING. 

4260.  The  design  of  the  secondary  follows  largely  from 
that  of  the  primary.  The  outside  diameter  is  already  known, 
and  the  length  of  the  secondary  core  over  all  parallel  to  the 
shaft  will  be  the  same  as  the  length  of  the  primary,  6 /^  i^^- 
We  will  provide  the  secondary  with  a  squirrel-cage  winding, 
although  a  secondary  with  a  regular  three  phase  Y  winding 
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might  be  used  if  it  were  desired  to  insert  resistance  in  series 
when  starting.  We  will  also  use  a  different  number  of  slots 
for  the  secondary,  in  order  to  avoid  dead  points  when  start- 
ing. We  will  take,  say,  72  slots  for  the  secondary  winding, 
or  4  bars  per  pole  per  phase.  This  will  give  24  bars  to  each 
phase,  all  the  bars  being  connected  in  multiple  by  the  short- 
circuiting  rings  at  the  ends  of  the  armature. 


CONDUCTORS  AND  CORB. 

4261.  The  current  in  the  secondary  at  full  load  will 
depend  upon  the  primary  current  and  the  ratio  of  the 
primary  and  secondary  turns.  The  secondary  current  will 
be  given  close  enough  for  practical  purposes  by  the  follow- 
ing formula: 

r,  =  ^,  (705.) 

where  C,  =  secondary  current; 
Cp  =  primary  current ; 

r  =  ratio  of  primary  to  secondary  conductors; 
k  =  power  factor. 

We  will  assume  the  power  factor  k  of  the  secondary  to 
be  .95,  which  will  not  be  far  from  the  truth,  because  the 
secondary  inductance  is  low,  and  the  power  factor  corre- 
spondingly high.  In  the  case  under  consideration  there  are 
on  the  primary  a  total  of  648  conductors,  or  216  in  each 
phase  connected  up  in  series.  On  the  secondary  there  is  a 
total  of  72  conductors,  or  24  to  each  phase,  all  connected  in 
parallel;  that  is,  1  conductor  in  series.  The  primary 
current  in  each  phase  is  27.1  amperes.     Hence  the  second- 

^    ^        27.1  X  216       ^  ,^,  „, 

ary    current    6,  = — =  6,161    amperes.      lo   carry 

.  9o 

this  current,  we  have  24  conductors  in  parallel ;  hence  the 

C  1  PI 

current  in  each  of  the  secondary  bars  will  be  about  -'■  :     = 

24 

256.7   amperes.      This   result    might   also   be   obtained   by 

considering    all    the    conductors.      The    current    in    e.ich 

primary  conductor  is  27.1  amperes;  hence  the  current  in 
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27  1  X  G48 

each  secondary  conductor  will  be  — ^— ;r-—  =  256.7  as  be- 

^  .90  X  72 

fore.  The  bars  on  the  secondary  must  therefore  be  capa- 
ble of  carrying  256.7  amperes.  A  comparatively  large 
cross-section  per  ampere  may  be  allowed  for  these  bars, 
because  the  number  of  bars  is  not  very  great,  and  only  a 
small  space  is  required  for  insulation.  It  is  also  desirable  to 
have  the  secondary  resistance  as  low  as  possible,  as  this 
tends  to  reduce  the  slip  and  make  the  motor  give  better 
speed  regulation.  We  will  therefore  allow,  say,  800  circular 
mils  per  ampere  in  the  secondary  bars.-  This  gives  for  the 
cross-section 

256.7  X  800  =  205,360  circular  mils. 

In  order  to  get  at  the  dimensions  of  the  rectangular  bar 
corresponding  to  this,  we  will  have   to  reduce  the  area  to 

square  mils.     One  circular  mil  is  equal  to  —  square  mils; 

hence 

A         •               -1         205,360  X  TT      _^^  ^^^  .,  , 

Area  in  sq.  mils  = =  161,200  sq.  mils,  nearly. 


4262.  The  circumference  of  the  secondary  is  40  in., 
and  we  will  allow  about  one-half  of  this  to  be  taken  up  by 
the  slots.  This  makes  the  approximate 
width  of  the  secondary  slot  -11^  =  .  277  in. 
We  will  allow  but  25  mils  on  each  side  for 
slot  insulation,  as  this  should  be  quite 
sufficient  to  stand  the  voltage  generated. 
This  will  leave  227  mils  space  for  the  bar. 
We  will  therefore  make  the  secondary  bars 
225  mils  wide.  The  depth  of  bar  required 
to  give  the  cross-section  of  161,200  square 
161,200 


Fig.  1682, 


mils  will  be 


225 


=  716  mils.      The  cor- 


deep. 


ners  of  the  bar  will  be  rounded  slightly,  so 
we  will  make  the  bar,  say,  750  mils  or  f  inch 
The  area  will  be  slightly  increased  by  so  doing,  but 
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this  will  be  an  advantage,  as  it  will  lower  the  secondary 
resistance  a  little.  The  bars  for  the  secondary  may  be 
pushed  into  place  from  the  end,  so  that  we  can  make  the 
slots  nearly  closed  at  the  circumference.  We  will  make 
the  total  depth  of  the  slot  -fl  inch,  in  order  to  allow  room 
for  the  wooden  strip.  Fig.  1682  shows  the  dimensions  of 
the  secondary  slot  and  bar. 


4263.  We  will  work  the  iron  in  the  core  of  the  second- 
ary at  about  the  same  magnetic  density  as  that  in  the 
primary,  although,  owing  to  the  low  frequency  in  the 
secondary,  the  density  might  be  even  considerably  higher 
without  causing  any  great  amount  of  loss.  The  flux  through 
the  secondary  will  be  practically  the  same  as  that  through 
the  primary,  on  account  of  the  small  amount  of  magnetic 
leakage.  The  length  of  iron  parallel  to  the  shaft  is  the 
same  as  for  the  primary,  so  we  will  make  the  depth  of  iron 
under  the  slots  the  same  as  before,  namely,  1-^g-  in.     The 
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inside  diameter  of  the  secondary  will  then  be  12J  —  2  X  44 
—  2  X  IjV  =  8  in.    The  complete  dimensions  of  the  secondary 
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core  are  given  in  Fig.  1G81,  there  being  72  equally  spaced 
slots  of  the  dimensions  shown  in  Fig.  1682. 

4264.  The  end  connections  between  the  bars  where 
they  project  from  the  core  C  will  be  made  by  means  of  the 
copper  ring  r.  Fig.  1683  {a)  and  {b).  This  ring  should  be 
very  thoroughly  connected  to  the  bars,  because  the  current 
flowing  through  the  junctions  between  the  bars  and  ring  is 
large,  and  local  heating  will  result  if  the  electrical  connec- 
tion is  not  well  made.  In  large  machines,  the  heavy  arma- 
ture bars  are  usually  well  bolted  to  the  short-circuiting 
rings,  but  for  a  machine  of  small  size,  like  the  one  under 
consideration,  the  bars  a,  a  may  be  notched,  as  shown,  and 
the  ring  r  thoroughly  sweated  in. 


HEAT  LOSSES. 

4265.  The  principal  dimensions  have  now  been  deter- 
mined, and  it  remains  to  be  seen  whether  the  motor  will 
deliver  its  rated  output  without  overheating.  In  order  to 
do  this,  we  will  make  an  approximate  estimate  of  the  C^  R 
losses.  The  C"^  R  loss  in  the  secondary  may  be  determined 
approximately  as  follows:  The  cross-section  of  each  arma- 
ture bar  as  finally  adopted  will  be  about  214,900  circular 
mils.  The  bars  should  project  a  short  distance  out  of  the 
slots,  so  we  will  call  the  length  of  each  bar  about  8y®^  in. 
The  resistance  of  each  bar  will  then  be,  by  formula  682, 

m  12  X  214,900  '  ^ 

Note.— The  length  L  being  here  expressed  in  inches,  it  is  necessary 
to  divide  by  12. 

The  O  R  loss  in  each  bar  will  be 

(256.7)'  X  .000037, 

and  the  total  OR  loss  in  the  armature  will  be  (256.7)'  X 
.000037  X  72  =  175  watts.  There  will  also  be  a  certain 
amount  of  loss  in   the    short-circuiting    rings    and    at    the 
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joints,  but  the  total  O  R  loss  will  probably  not  exceed  200 
watts.  The  outside  cylindrical  surface  of  the  armature  is 
40x6^=252.5  square  inches,  which  gives  a  surface  of 
considerably  over  1  square  inch  per  watt  C^  R  loss.  The 
core  losses  in  the  secondary  will  be  very  small,  so  that  the 
secondary  will  carry  its  load  without  any  danger  of  over- 
heating, 

4266.     In  order  to  estimate  the  C*  R  loss  in  the  pri- 
mary at  full  load,  we  must  first  determine  the  length  of  a 


Developed,  face  of  field. 


Fig.  1684. 


primary  turn.  This  involves  a  consideration  of  the  pri- 
mary winding.  There  are  in  all  54  coils  and  64  slots,  the 
coils  being  arranged  in  two  layers.  There  are  six  poles,  so 
that  if  one  side  of  a  coil  lies  in  the  top  of  slot  No.  i,  the 
other  side  will  lie  in  the  bottom  of  slot  No.  10^  as  shown  in 
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the  winding  diagram,  Fig.  1G85.  The  coil  will  then  span 
over  -j^j  of  the  circumference  of  the  field  as  shown  in 
Fig.  1684.  This  figure  represents  two  coils  of  the  field 
winding  in  place,  the  inner  face  of  the  field  being  developed 
out  flat.  When  the  coils  are  in  place,  the  ends  a,  a  and  d,  b 
will  project  out  past  the  core,  forming  a  cylindrical  winding. 
The  ends  of  the  coils  are  arranged  on  such  a  slant  that  they 
will  fit  in  as  shown  without  crowding.  From  this  layout  of 
the  coils,  the  length  of  an  average  turn  can  be  obtained,  and 
in  the  present  case  it  is  found  to  be  about  3  feet.  There 
are  18  coils  in  series  per  phase  and  G  turns  per  coil,  making 
a  total  of  108  turns.  The  resistance  per  phase  will  there- 
fore be 

^      108  X  3  X  11.5        _    , 
^  = 16,510  --^^-^h"^- 

The  (T^y?  loss  per  phase  will  then  be  (27.1)'  X  .22  =  161.5 
watts,  and  the  total  C  R  loss  in  the  field  will  be  161.5  X  3  = 
484.5  watts.  The  exposed  cylindrical  surface  of  the  field 
core  alone  is  18^V  X  -  X  6yV  =  361  square  inches.  The  sur- 
face exposed  by  the  projecting  windings  will  be  approxi- 
mately 200  square  inches,  so  that  there  is  an  effective 
radiating  surface  of  561  square  inches  for  getting  rid  of  the 
heat  developed  in  the  primary,  without  counting  the  radi- 
ating surface  which  would  be  provided,  to  a  certain  extent, 
by  the  frame  of  the  machine  in  contact  with  the  field.  The 
radiating  surface  as  a  whole,  therefore,  should  be  sufficient 
to  get  rid  of  the  losses  without  an  undue  rise  in  tempera- 
ture, especially  as  the  hysteresis  loss  in  the  primary  core 
would  not  be  as  large  as  the  C  R  losses,  the  density  being 
low  and  the  volume  of  iron  comparatively  small. 


FIELD    WINDING    AND    CONNECTIONS. 

4267.  Fig.  1685  shows  the  arrangement  of  the  primary 
or  field  winding,  one  phase  being  drawn  in  complete.  The 
groups  of  conductors  for  the  other  two  phases  are  indicated 
by  the  light  and  dotted  lines,  the  connections  between  them 


i 


I 
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being  made  in  the  same  way  as  tliose  for  the  phase  drawn  in. 
The  rules  governing  the  connecting  up  of  such  a  winding 
have  already  been  explained  in  connection  with  polyphase- 
alternator  armatures.  Each  of  the  heavy  outlined  figures 
represents  a  field  coil  of  G  turns;  the  lighter  lines  (two  to 
each  coil)  projecting  from  the  inner  point  of  the  coils  repre- 
sent the  terminals  of  the  coils.  There  are  54  slots,  or  9  slots 
corresponding  to  each  pole;  hence  the  E.  M.  F.'s  in  all 
the  conductors  in  the  9  slots  under  any  one  pole  will  be 
in  the  same  direction,  as  shown  by  the  arrow-heads.  For 
example,  the  E.  M.  F.'s  in  the  conductors  in  slots  7,  8,  9, 
lOj  11,  12,  13,  IJ^,  15  will  all  be  in  one  direction,  say  directed 
from  the  front  to  the  back,  while  those  in  slots  16,  17,  IS, 
19,  20,  21,  22,  23,  and  2J^  will  have  their  E.  M.  F.'s  in  the 
opposite  direction,  corresponding  to  a  pole  of  opposite  polar- 
ity. The  18  coils  shown  belonging  to  one  phase  must  all  be 
connected  in  series,  so  that  the  E.  M.  F.'s  in  the  conductors 
in  the  different  slots  belonging  to  this  phase  will  be  summed 
up.  Suppose  we  start  with  the  terminal  T^;  we  will  pass 
6  times  around  the  coil,  bridging  from  slot  4^  to  slot  1,  in 
agreement  w^ith  the  arrow-heads,  and  come  out  at  /;  we  will 
connect  /  to  /'  and  go  6  times  around  the  next  coil,  finally 
coming  to  x  and  completing  the  connections  of  that  group 
of  3  coils.  We  then  pass  on  to  the  next  group  of  3  con- 
necting X  to  y  (so  as  to  agree  with  the  arrows),  and  so  on 
around  the  field  till  the  whole  18  coils  are  connected  in 
series,  finally  coming  to  7",.  We  will  connect  7",  to  the 
common  connection  of  the  Y  winding,  7,  being  then  one  of 
the  terminals  of  the  motor  which  is  connected  to  the  line. 
The  other  two  phases  are  connected  up  in  exactly  the  same 
way,  the  connections  between  the  terminals  of  the  different 
phases  and  the  common  junction  being  made  according  to 
the  rules  given  in  the  section  on  Theory  of  Alternating- 
Current  Apparatus.  This  winding  could  also  be  connected 
up  A,  the  only  difference  being  in  the  connections  of  the 
phase  terminals  with  each  other  and  with  the  terminals  of 
the  machine. 
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MECHANICAL    CONSTRUCTION. 


ARMATURE. 

4268.  The  armature  core  is  built  up  in  almost  exactly 
the  same  way  as  cores  for  alternator  or  continuous-current 
armatures,  the  disks  being  mounted  on  a  spider  and  clamped 
together  by  means  of  end  flanges  drawn  up  and  held  in  place 
by  cap-screws  or  bolts.  If  a  wound  secondary  is  used,  it  is 
customary  to  provide  the  spider  with  projecting  flanges  for 
supporting  the  winding,  as  already  explained  for  alternator 
armatures  with  distributed  windings.  Where  the  squirrel- 
cage  construction  is  used,  no  supports  are  necessary,  the 
bars  and  short-circuiting  ring  being  stiff  enough  to  hold 
themselves  in  place.  

SHAFT. 

4269.  Shafts  for  induction  motors  are  usually  made 
exceptionally  heavy,  considering  the  power  which  they  have 
to  transmit.  They  should,  in  general,  be  heavier  than  the 
shafts  used  for  alternators  of  corresponding  speed  and  out- 
put. The  air-gap  in  induction  motors  is  so  small  that  a  very 
stiff  shaft  is  required,  the  slightest  bending  of  the  shaft 
being  sufficient  to  either  let  the  armature  touch  the  field  or 
bring  very  heavy  magnetic  pulls  on  the  shaft,  due  to  the 
shortening  of  the  air-gap  on  one  side  and  lengthening  of  it 
on  the  other.  Generally  the  shafts  for  these  motors  are 
shorter  than  those  required  for  alternators  and  continuous- 
current  machines,  because  no  room  need  generally  be  allowed 
for  collector  rings.  Fig.  1686  shows  the  induction  motor 
which  has  been  worked  out.  This  will  give  an  idea  as  to  the 
style  of  shaft  used  for  such  machines. 


FIELD   FRAME,  BED-PLATE,  ETC. 

4270.  The  arrangement  of  the  parts  of  an  induc- 
tion motor  of  this  size  will  be  understood  by  referring  to 
Fig.  1686.  In  this  case  the  field  frame  forms  the  main  sup- 
porting casting  of  the  machine,  being  provided  with  feet  as 
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shown.  It  serves  the  double  purpose  of  supporting  the  field 
stampings  and  forming  a  base  for  the  machine.  In  some  of 
the  larger  sizes  of  induction  motors,  the  field  frame  is  bolted 
to  a  separate  bed  in  the  same  manner  as  shown  for  the  field 
of  the  alternator.  For  machines  of  moderate  size,  the  con- 
struction shown  in  Fig.  1G8G  answers  quite  well,  and  is 
cheaper  than  that  which  makes  use  of  a  separate  bed.     The 


Fig.  1687. 

self-oiling  bearings  are  carried  by  the  two  end  plates  //,  A, 
which  are  bolted  to  the  field  frame,  as  shown,  and  carry  the 
bearings  ^,  g  and  the  shaft  y,  with  pulley  /.  These  end- 
bearing  supports  also  serve  to  protect  the  field  coils  c.  The 
conductors  in  the  field  slot  are  shown  at  d^  </,  and  ^  is  a  sec- 
tion of  the  field  laminations.  The  armature  laminations  a  are 
supported  by  the  spider  e  and  held  by  the  cap  bolts  and  end 
flange  as  shown.     The  armature  bar  s  is  shown  projecting 

u.  r.    \v.    ■'! 
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from  the  slot,  the  ends  being  slotted  to  receive  the  short- 
circuiting  rings.  The  field  frame  k  is  provided  with  a  number 
of  ribs  r,  which  are  bored  out  to  fit  the  outer  circumference 
of  the  stampings.  A  number  of  openings  o  are  cored  in  the 
frame  to  allow  ventilation.  The  terminals  of  the  field  wind- 
ing are  led  through  the  cored  openings  /,  p  to  the  terminals ;/, 
which  are  mounted  on  the  slate  terminal  board  w,  from 
which  the  connections  to  the  line  are  made.  It  will  be  seen 
that,  on  the  whole,  the  construction  of  such  a  motor  is  very- 
simple,  there  being  no  brushes,  brush  holders,  collector 
rings,  etc.  Fig.  1GS7  shows  a  perspective  view  of  an  induc- 
tion motor  of  the  same  general  type  as  the  one  worked  out. 
The  cover  on  the  bearing  is  to  allow  for  inspection  of  the 
oil-rings  while  the  motor  is  running,  and  some  similar  means 
may  be  provided  for  the  machine  just  designed.  The  main 
mechanical  features  of  Fig.  1G87  will  be  understood  by 
referring  to  Fig.  1686,  so  that  further  comment  is  unneces- 
sary. 

4271.  Two-phase  induction  motors  are  designed  in  the 
same  way  as  three-phase  machines,  the  only  essential  differ- 
ence being  in  the  arrangement  of  the  windings.  The  cal- 
culation of  two-phase  armature  windings  has  already  been 
described,  and  the  calculations  for  a  two-phase  induction- 
motor  field  are  made  in  the  same  way. 
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QUESTIONS   AND    EXAMPLES 

Rrlat:n"i;  to  thic  Si'iiji-:i-ts 
Treated  of  in  this  Volume. 


It  will  be  noticed  that  the  various  (questions  are  divided 
inti>  sections,  corresponding  to  the  Instruction  Papers  con- 
tained in  this  volume.  Each  Instruction  Paper  should  be 
carefully  studied  I  efore  attempting:  to  answer  any  question 
or  to  solve  any  example  occurring  in  the  section  relating 
to  it. 


ELECTRIC    TRANSMISSION 

(ARTS.  3216-3345.) 


(1430)  {a)  Why  is  it  more  economical  to  transmit  energy 
at  high  voltages  than  at  low  ?  {/;)  What  bearing  has  the 
C  R  law  upon  this  question  ? 

(1431)  {a)  What  is  the  percentage  of  loss  in  a  con- 
ductor ?     {If)  How  is  it  determined  ? 

(1432)  Define  the  term  "weight  per  mile-ohm." 

(1433)  Describe  a  form  of  lightning-arrester  that  pre- 
vents the  maintenance  of  an  arc  from  high-pressure  elec- 
tricity. 

(1434)  {a)  What  is  the  safe  carrying  capacity  of  a  con- 
ductor ?  (/;)  How  are  the  sizes  of  conductors  calculated  ? 
(r)  How  is  the  size  of  each  of  two  wires  that  will  have  a 
safe  carrying  capacity  equal  to  that  of  a  given  size  of  B.  &  S. 
wire  determined  ? 

(1435)  {a)  Why  is  the  Brown  and  Sharpe  wire  gauge  the 
most  convenient  ?  {d)  Give  the  rule  for  the  decrease  of 
cross-section  with  the  increase  of  numbers  in  the  B.  &  S 
gauge,  (r)  Give  the  approximate  method  of  finding  the 
diameter  or  resistance  per  thousand  feet  of  any  number  in 
the  B.  &  S.  gauge.  (^/)  Find  the  approximate  resistance 
per  thousand  feet  of  No.  3  B.  &  S.  wire  by  this  method. 

(143G)  Sketch  and  describe  a  device  for  gripping  cables 
without  injury. 

(1437)  Describe  the  wrought-iron,  cement-lined  conduit 
for  underground  conductors,  and  state  how  it  may  be  laid. 

(1438)  (a)  Describe  the  construction  ot  manholes. 
(/;)  Why  are  they  necessary  ? 

For  notice  of  copyriKht,  see  page  immediately  following  the  title  page. 
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(1439)  (a)  What  metals  are  most  extensively  used  for 
wires  conducting  electrical  currents  ?  (l?)  Why  are  these 
used  ? 

(1440)  (a)  Explain  how  cables  are  drawn  into  conduits. 
(d)  What  is  rodding  ? 

(1441)  Explain  the  method  of  joining  cables. 

(1442)  Explain  by  diagram  the  test  for  determining  the 
capacity  of  a  cable. 

(1443)  {a)  Describe  two  methods  of  arranging  the  piping 
between  boilers  and  engines  in  a  power  plant,  (d)  Name 
some  advantages  of  each. 

(1444)  How  may  vibration  of  a  building  in  which  heavy 
machinery  is  running  be  prevented  ? 

(1445)  A  test  was  made  to  determine  the  capacity  of  a 
cable.  The  capacity  of  the  standard  condenser  was  2  micro- 
farads. The  throw  from  the  standard  condenser  was  09 
divisions,  and  that  from  the  cable  was  25  divisions.  What 
was  the  capacity  of  the  cable  ? 

(1440)  How  may  the  distance  to  where  a  conductor  is 
completely  broken  be  found  ? 

(1447)  (a)  Describe  a  switch  used  for  large  currents. 
(d)   How  should  they  be  set  on  the  wall  ? 

(1448)  Attest  was  made  to  locate  a  break  in  a  cable  near 
to  which  ran  a  sound  wire  of  the  same  size  and  capacity. 
The  throw  on  the  broken  conductor  was  27  divisions,  and 
that  on  the  good  wire  was  07  divisions.  The  total  length 
of  the  broken  cable  was  2,750  feet.  What  was  the  distance 
to  the  break  ? 

(1449)  What  is  the  specific  resistance  of  a  conductor  ? 

(1450)  Why  is  it  desirable  to  completely  separate  the 
engine  and  boiler  rooms  in  a  plant  ? 

(1451)  How  are  foundations  made  ? 

(1452)  Why  are  direct-connected  dynamos  and  engines 
advantageous  in  some  cases  ? 

(1453)  (a)  What  is  a  knife  switch  ?  (d)  How  does  a  sin- 
gle-throw differ  from  a  double-throw  switch  ? 
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(1454)  {a)  What  is  a  ground  detector  ?  (^)  How  may 
one  be  made  ? 

(1455)  About  what  is  the  resistance  per  mile  at  60"  F.  of 
an  E.  B.  B.  galvanized  iron  wire  lO'i  mils  in  diameter? 

(Hofi)  (a)  What  is  the  specific  conductivity  of  a  con- 
ductor ?     (d)  What  is  the  percentage  conductivity  of  a  wire  ? 

(1457)  (a)  What  may  be  said  concerning  galvanized  iron 
wire  when  exposed  to  smoke  or  salt  spray  ?  (d)  What  are 
the  usual  tests  for  iron  wire  ? 

(1458)  Describe  a  good  way  of  lifting  an  armature  into  a 
machine  where  a  traveling  crane  is  not  available. 

(1450)  Under  what  conditions  is  the  preliminary  run  of 
a  dynamo  made  ? 

(1400)  For  what  reason  is  copper  wire  used  more  than 
wire  of  other  metals  ? 

(1401)  A  copper  wire  was  tested  for  percentage  conduc- 
tivity. It  was  found  to  weigh  240  grains  per  foot.  The 
resistance  of  1  foot  was  found  by  using  a  standard  resistance 
of  0.0002  ohm.  The  deflection  at  the  standard  resistance 
was  5  scale  divisions,  and  that  at  the  wire  was  25  scale  divi- 
sions. The  temperature  of  the  wire  was  77°  F.  What  was 
the  percentage  conductivity  ? 

(1402)  What  is  Matthiessen's  standard  ? 

(1403)  Show  by  a  sketch  how  a  lightning-arrester  is  con- 
nected near  a  dynamo. 

(1404)  (a)  How  is  a  voltmeter  checked  for  accuracy? 
(^)  How  is  an  ammeter  checked  ?  (c)  Why  can  not  two  volt- 
meters be  checked  when  connected  in  series  ? 

(1405)  What  is  the  weight  per  mile  of  a  copper  conductor 
205  mils  in  diameter  ? 

(1400)  {a)  How  may  an  armature  be  balanced  ?  {6)  What 
may  be  the  causes  of  undue  vibration  in  a  machine  ? 

(1407)  (a)  What  is  a  mil  ?  (If)  What  is  a  circular  mil  ? 
{c)  What  is  the  numerical  ratio  between  a  circular  mil  and 
a  square  mil  ? 
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(1468)  How    is  the  weight    per  mile-ohm    used    in    cal- 
culating the  percentage  conductivity  of  a  wire  ? 

(1469)  {a)  What  is  German-silver  wire  ?     (<^)  For  what 
purposes  is  it  used  ? 

(1470)  {a)  What  is  a  central  station  ?  {d)  What  condi 
tions  govern  the  choice  of  location  ? 

(1471)  How  should  a  joint  be  made  in  a  dynamo  belt  ? 

(1472)  Describe  two  different  methods  of  connecting 
engines  and  dynamos. 

(1473)  What  is  an  electromagnetic  cut-out  ? 

(1474)  Under  what  circumstances  is  alternating-current 
power  transmission  especially  useful  ? 

(1475)  (a)  Describe  the  various  brands  of  iron  wire. 
{d)  In  what  case  is  steel  wire  preferable  to  iron  ? 

(1476)  What  are  stranded  cables  ? 

(1477)  {a)  What  type  of  engine  is  best  suited  to  a  small 
station  ?     (l?)  Why  ? 

(1478)  What  precautions  should  be  used  in  lifting  a  large 
armature  ? 

(1479)  When  two  shunt-wound  dynamos  are  run  in  paral- 
lel, what  is  the  result  if  the  E.  M.  F.  of  one  falls  much  below 
that  of  the  other  ? 

(1480)  {a)  What  is  the  C  R  loss  ?  (/;)  Prove  that  the 
equation  IV  =  C^  R  is  true,  when  W  represents  the  energy 
loss  in  watts,  C  the  current  in  amperes,  and  R  the  resistance 
in  ohms. 

(1481)  Describe  the  differential  galvanometer  method  of 
locating  grounds  and  crosses  on  a  line. 

(1482)  Under  what  circumstances  is  the  load  most  vari- 
able in  a  railv/ay  central  station  ? 

(1483)  («)  What  arrangement  of  generators  is  desirable 
for  a  large  station  ?      (/;)  Why  ? 

(1484)  What  may  be  the  cause  when  a  dynamo  fails  to 
generate  ? 
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(1485)  {a)  What  style  of  engine  is  best  suited  to  large 
dynamos  ?     {d)  What  engine  is  best  for  varying  loads  ? 

(148G)  Describe  the  Varley  loop  test  for  locating  grounds 
and  crosses  on  a  line. 

(1487)  Of  what  use  is  an  equalizer  for  two  series  dyna- 
mos connected  in  parallel  ? 

(1488)  What  are  the  advantages  of  a  countershaft 
arrangement  of  engines  and  dynamos  ? 

(1489)  {a)  What  rise  of  temperature  above  the  surround- 
ing air  can  safely  be  allowed  in  overhead  conductors  ?  (d) 
In  what  ratio  does  the  resistance  of  a  copper  wire  vary  with 
the  temperature  ? 

(1490)  (a)  How  may  a  short-circuited  field  coil  be  de- 
tected ?  (d)  How  can  a  short-circuited  armature  coil  be 
found  ? 

(1491)  In  what  way  is  the  belt  kept  tight  between  an 
engine  and  a  dynamo  of  medium  size  ? 

(1492)  (a)  What  two  effects  are  to  be  considered  in 
determining  the  size  of  wire  for  overhead  power  supply  ? 
(d)  Under  what  circumstances  may  a  large  heat  loss  be 
allowed  ? 

(1493)  What  precaution  should  be  taken  with  a  wooden 
dynamo  base  to  prevent  it  from  absorbing  moisture  ? 

(1494)  How  may  the  instability  of  regulator  action  on 
two  arc-light  dynamos  in  series  be  corrected  ? 

(1495)  What  may  cause  destructive  sparking  at  the  com- 
mutator of  a  dynamo  ? 

(1490)  What  precautions  should  be  taken  before  switch- 
ing a  shunt-wound  dynamo  in  parallel  circuit  with  another 
which  is  already  generating  a  current  ? 

(149T)  What  is  the  safe  temperature  limit  for  the  heating 
of  an  armature  ? 

(1498)  {(7)  Show  by  a  sketch  the  connections  necessary 
for   running   two    compound-'vound    dynamos   in   parallel. 
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{/j)  What  is  the   effect  of  one  dynamo  lagging  behind  the 
other  ? 

(1499)  When  an  armature  has  been  heated  to  a  danger- 
ous point  by  excessive  overload,  why  is  it  advisable  to  keep 
it  revolving  after  the  circuit  is  opened  ? 

(1500)  The  following  instruments,  having  resistances  as 
given,  are  used  in  testing  a  cable  :  A  galvanometer  of 
5,980  ohms;  shunt  of  920  ohms;  a  battery  of  4G0  ohms;  a 
high  resistance  of  1,030,000  ohms.  The  deflection  obtained 
through  the  high  resistance  and  galvanometer  with  shunt, 
from  the  battery,  is  308  scale  divisions,  and  the  mean  deflec- 
tion through  the  cable  is  203  divisions.  Earth-currents  give 
a  deflection  of  3  divisions  in  the  opposite  direction  to  the 
latter  reading.     What  is  the  insulation  resistance  ? 

Ans.   11.56  megohms. 

(1501)  What  proportion  must  be  observed  in  the  series 
coils  of  compound-wound  dynamos  connected  in  parallel  ? 

(1502)  A  ground  occurred  on  a  conductor  in  a  cable 
13,405  feet  in  length.  Upon  measuring  by  the  Varley  loop 
method,  the  bridge  was  balanced  with  the  following  resist- 
ances in  its  branches  :  a  =  100  ohms,  1/  =  1,000  ohms,  k  = 
222.4.  (See  Fig.  1230.)  The  resistance  of  the  wire  per  1,000 
ft.  was  1.284  ohms,  and  a  perfect  wire  in  the  same  cable  and 
of  the  same  size  was  used  to  make  the  return  circuit.  What 
was  the  distance  to  the  fault  ?  Ans.   8,620  ft. 

(1503)  (rt)  What  is  a  cable  conduit  ?  (<^)  What  materials 
are  used  for  conduits  ?  (c)  How  are  creosoted  wood  con- 
duits joined  ? 

(1504)  What  kind  of  faults  may  exist  on  a  line  ? 

(1505)  Explain  how  a  line  acts  as  a  condenser. 
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(ART^.  3346-3440.) 


(1.506)  What  is  the  general  form  of  the  modern  street- 
car motor  ? 

(1507)  {a)  Describe  the  action  of  a  controller,  (if)  What 
are  the  correct  running  points  ? 

(1508)  {a)  What  are  the  essential  parts  of  the  overhead 
trolley  system  ?     (^)  What  advantages  are  claimed  for  it  ? 

(1509)  Describe  briefly  the  method  of  erecting  a  trolley- 
wire. 

(1510)  In  what  way  would  you  check  a  calculation  for 
size  of  feeder  when  only  the  drop  for  a  given  current  has 
been  considered  ? 

(1511)  What  are  the  different  forms  of  rails  used  in  track 
construction  ? 

(1512)  How  should  motors  be  secured  to  the  truck  to 
produce  an  easy  motion  ? 

(1513)  What  different  styles  of  suspension  are  employed 
for  holding  up  the  trolley-wire  ? 

(1514)  (a)  What  are  the  principal  tests  to  be  carried  out 
in  connection  with  the  feeder  system  of  power  distribution  ? 
{d)  What  instruments  are  required  for  testing  ? 

(1515)  How  may  a  record  be  kept  of  the  insulation 
resistance  of  the  several  feeders  in  a  railway  system  ? 

(1510)  In  what  way  may  alternating  currents  be  used  in 
street-railway  work  ? 

(1517)  About  what  force  will  be  required  to  start  a  7-ton 
car  on  a  4  per  cent,  grade  ?  Ans.  1,050  lb. 

(1518)  What  are  the  different  systems  of  power  braking  ? 

pyright,  see  jnige  initnediately  following  the  title  page. 


2906  ELECTRIC  RAILWAYS. 

(1519)  What  are  the  different  systems  in  use  for  electric 
propulsion  on  street  railways  ? 

(1520)  What  is  the  usual  length  of  car  bodies,  and  what 
relation  does  this  have  to  style  of  truck  ? 

(1521)  What  are  the  chief  types  of  railway  motors,  classi- 
fied with  regard  to  disposition  of  poles  ? 

(1522)  (a)  To  what  is  the  braking  effect  principally  due 
in  the  U-shaped  electromagnetic  brake  ?  (l?)  Would  the 
effect  be  intensified  by  substituting  a  disk  of  copper  for  one 
of  iron  in  front  of  the  magnet  faces  ?  Give  reasons  for  your 
answer. 

(1523)  What  is  the  rheostatic  method  of  speed  control  ? 

(1524)  What  is  a  flexible  bracket  suspension  for  trolley- 
wire,  and  what  advantages  has  it  ? 

(1525)  How  would  you  proceed  to  locate  the  overhead 
switch  at  a  branch  line  ? 

(152G)  (a)  What  is  a  rail  bond  ?  {d)  What  advantage  is 
secured  by  good  bonding  ? 

(1527)  What  is  the  reason  that  heavy  fly-wheels  are 
necessary  for  the  engines  in  a  railway  power  station  ? 

(1528)  On  what  account  should  a  testing  battery  of 
Leclanche  cells  be  supplied  with  a  weak  solution  for  the 
electrolyte  ? 

(1529)  What  advantages  are  derived  by  the  use  of  storage- 
batteries  in  a  central  station  ? 

(1530)  For  what  reason  is  the  storage-battery  little  used 
on  street-cars  ? 

(1531)  (a)  Describe  briefly  the  third-rail  system  of 
electric  traction  ?     (/;)  What  are  its  advantages  ? 

(1532)  What  do  you  understand  by  the  term  '*  wheel- 
base  "  ? 

(1533)  What  is  the  use  of  a  graduated  truck  spring  ? 

(1534)  What  are  the  relative  connections  of  armature, 
field,  and  resistance  at  each  point  {a)  of  the  Westinghouse 
and  (^d)  of  the  General  Electric  series-parallel  controllers  ? 
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(1535)  What  are  the  smallest  sizes  of  trolley  and  span 
wires  that  should  be  used  ? 

(1536)  What  are  the  principal  conditions  governing  the 
size  of  feeders  ? 

(1537)  A  road  2  miles  long,  single  track,  is  provided 
with  a  No.  00  trolley-wire,  but  no  feeders.  What  will  be 
the  drop  in  the  line  when  6  cars  are  running,  each  requiring 
a  current  of  20  amperes  ?  Ans.   54  volts. 

(1538)  In  what  case  may  a  Thomson  reflecting  galva- 
nometer be  used  in  testing  insulation,  and  when  is  a  ballistic 
galvanometer  alone  suitable  ? 

(1530)  If  a  battery  were  connected  in  parallel  with  over- 
compounded  generators,  with  no  regulator  in  its  circuit, 
what  would  be  its  action  ? 

(1540)  Describe  a  means  of  testing  the  conductivity  of 
rail  bonds, 

(1541)  How  is  speed  regulation  etfected  in  the  storage- 
battery  system  of  electric  traction,  with  the  cells  on  the 
cars  ? 

(1542)  What  is  the  effect  of  rigid  connection  of  street- 
car motors  to  the  trucks  ? 

(lolo)  What  is  the  ratio,  approximately,  of  the  reducing 
gears  of  a  street-railway  motor  ? 

(1544)  In  what  way  is  the  electric  current  used  for  heat- 
ing cars  ? 

(1545)  (a)  Why  is  the  trolley-wire  made  to  diverge  from 
the  center  line  of  the  track  on  a  curve  ?  (d)  What  would 
this  divergence  or  offset  measure  for  a  90°  curve  of  100  feet 
radius  ? 

(154G)  What  is  the  difference,  with  regard  to  size  of  wire 
for  feeders,  between  uniformly  distributed  load  and  end 
load,  when  the  drop  in  voltage  is  the  same  ? 

(1547)  What  conditions  govern  the  location  of  the  power 

station  ? 

(1548)  (a)  How  are  flats  produced  on  wheels  ?  (d)  Under 
what  circumstances  is  regrinding  advisable  ? 
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(1549)  What  is  the  principle  involved  in  testing  insula- 
tion  resistance  by  the  ballistic  galvanometer  ? 

(1550)  What  is  a  booster,  and  for  what  purpose  is  it  used  ? 

(1551)  What  horsepower  must  be  delivered  to  the  motors 
of  a  9-ton  car  to  take  it  up  a  7  per  cent,  grade  at  a  speed  of 
9  miles  per  hour,  the  efficiency  of  motors  being  70^  ? 

Ans.   52.46  horsepower. 

(1552)  Upon  what  principle  is  the  electromagnetic 
system  of  car  traction  based  ? 

(1553)  How  is  slot  closure  prevented  in  a  conduit  road  ? 

(1554)  Why  is  it  advisable  to  provide  a  long  spring  base 
on  a  car  ? 

(1555)  What  is  the  principle  of  the  air-brake  ? 

(155G)  At  what  part  of  the  wiring  of  a  car  is  the  light- 
ning-arrester inserted  ? 

(1557)  (a)  What  is  the  use  of  guard  wires  over  trolley- 
lines  ?  (d)  What  material  is  used  for  the  wire,  and  what 
size  ? 

(1558)  (a)  What  do  you  understand  by  transition  curves  ? 
(d)  Why  are  they  used  ? 

(1559)  What  instruments  are  required  for  a  railway 
switchboard  ? 

(1560)  Why  is  it  necessary  to  bring  the  cable  to  a 
neutral  condition  before  commencing  to  charge,  in  a  test  for 
insulation  resistance  by  the  ballistic  galvanometer  method  ? 

(1561)  A  cable  14,500  feet  long  was  tested  for  a  fault, 
the  distant  end  being  freed  from  ground  and  two  wires  con- 
nected to  it,  which  were  brought  to  the  testing  station 
at  the  near  end.  One  of  these  wires  was  connected  to  the 
near  end  of  the  cable,  with  a  galvanometer  in  the  circuit  ; 
the  end  of  the  other  wire,  resistance  7.3  ohms,  was  connected 
to  one  terminal  of  a  resistance-box  R,  and  the  near  end  of 
the  cable  to  a  resistance-box  i?,.  The  remaining  terminals 
of  the  boxes  were  connected  together  and  to  one  pole  of  a 
battery,  the  other  pole  being  to  ground.  These  resistances 
were  varied  until  the  galvanometer  indicated  a  balance,  and 
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R  was  then  950  ohms  and  R^  7G0.  What  was  the  distance 
to  the  fault  from  the  station  ?  Ans.  6,417  ft. 

(1562)  In  what  way  would  you  proceed  to  determine  in 
advance  the  power  required  for  a  railway  central  station  ? 

(15G3)  What  effect  have  the  radius  of  track  curve  and 
the  length  of  wheel-base  upon  the  power  expended  in  pro- 
pelling a  car  round  a  curve  ? 

(1564)  {a)  Of  what  service  are  anchor  wires  ?  {b)  How 
should  they  be  put  up  ? 

(1565)  A  feeder  is  required  to  supply  a  current  of  350 
amperes  at  a  point  1,200  feet  distant  from  the  power-house. 
{a)  Allowing  a  temperature  rise  of  30°  C,  what  size  of  wire 
should  be  used,  1st,  when  single  ?  2d,  when  three  separate 
wires  of  equal  sizes  are  substituted  ?  What  will  be  the  drop 
in  potential  in  each  case  ?  {b)  What  will  be  the  drop  in 
potential  and  temperature  rise  if  the  three  wires  are  made 
so  as  to  have  the  same  total  area  as  the  single  wire  ?  (Use 
the  nearest  regular  size  given  in  the  table.) 

r  ,  .  j  1st,  0.6  in.  diameter;  14.09  volts  drop. 
Ans.  ]  ^^'  \  2d,  No.  2  wire;  25.48  volts  drop. 

(  {b)     11.9  volts  drop;  12°  C.  temperature  rise. 

(1560)  What  advantage  is  there  in  having  a  separate 
siding  for  the  switches  leading  to  the  different  tracks  in  the 
car  house,  when  the  main  line  passes  by  ? 

(1567)  A  car  weighing  11  tons  is  to  be  started  from  rest 
and  brought  to  a  speed  of  12  miles  per  hour  within  30 
seconds.  What  force  must  be  applied,  the  track  resistance 
being  25  pounds  per  ton  ?  Ans.   675.84  pounds. 

(1568)  What  methods  of  regulation  are  in  use  for 
governing  the  action  of  storage-batteries  working  in  con- 
nection with  over-compounded  generators  ? 

(1569)  {a)  Showby  means  of  a  sketch,  and  explain  in  your 
own  words,  the  arrangement  of  batteries  and  generators 
with  a  booster  regulator,  {b)  How  would  you  adjust  the 
booster  so  that  the  mean  charge  in  the  battery  shall 
always  be  constant  ? 

,7.  /;. 
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(1570)  What  is  the  lowest  horsepower  per  car  to  be  pro- 
vided in  the  largest  stations  under  ordinary  conditions  ? 

(1571)  What   is    the    method  of   operating    the  electro- 
magnetic braking  system  ? 

(1572)  For  what  purpose  are  feeders  used  ? 

(1573)  A  double-track  road  has  four  divisions,  the  length 
of  trolley- wire  being  as  follows  (see  Fig.  39):  Division  I,  4,800 

feet;  division  II,  5,400 
feet  ;  division  III,  7,800 
feet  ;  division  IV,  6,600 
feet,  continuity  being 
maintained  by  section 
insulators.  The  mains 
run  parallel  with  the  trol- 
ley-wire, being  arranged 
also  in  four  divisions,  and 
connected  at  the  center 
of  their  lengths  to  feeders 
from  the  station.  These 
Fig.  39.  are,  for  the  first,  second, 

third,  and  fourth  divisions,  5,000  feet,  4,500  feet,  3,800  feet, 
and  4,000  feet  long,  respectively.  The  resistance  of  the 
track  is  0.03  ohm  per  mile  ;  50  cars  will  be  needed,  taking 
an  average  current  of  16  amperes  each.  The  trolley-wire  is 
No.  0  B.  &  S.  What  will  be  the  size  of  feeders  and  mains, 
a  drop  in  each  division  of  75  volts  being  allowed  ? 

Feeders.  Mains. 

'Division      I,      282,667  circ.  mils.       No.  1      B.  &  S. 
Division    II,       315,961  circ.  mils.       No.  0      B. 
Division  III,      387,778  circ.  mils. 
Division  IV,      343,967  circ.  mils. 


Ans.  < 


&  S. 
No.  000  B.  &  S. 
No.  00    B.  &  S. 


(1574)  {a)  Why  is  a  shunt  used  with  an  ammeter  for 
heavy  currents  ?     (/;)   How  is  it  constructed  ? 

(1575)  Suppose  a  car  to  be  descending  a  hill,  the  power 
is  shut  off  on  the  line,  and  the  hand  brake  will  not  stop  the 
car.     How  do  you  account  for  the  braking  effect  obtained 
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by  reversing  the  motors  and  turning  the  controller  handle 
around  ? 

(1570)  Describe  in  your  own  words,  and  illustrate  by 
means  of  a  sketch,  the  manner  of  testing  insulation  resist- 
ance by  means  of  a  ballistic  galvanometer. 

(1577)  (a)  If  the  adhesive  force  between  car-wheels  and 
track  is  equal  to  one-seventh  the  weight  on  the  drivers, 
what  grade  could  be  surmounted  by  a  car  with  one-half  its 
weight  on  the  drivers,  starting  from  the  level  ?  {d)  Sup- 
pose the  whole  weight  to  be  on  the  drivers,  on  how  steep  a 
grade  could  a  start  be  made  ?  «         {{a)  5.G4}^. 

(1578)  Show  by  sketches  two  methods  of  guying  the 
trolley-wire  on  a  curve. 

(1579)  A  cable  has  a  capacity  of  1.89  microfarads.  In 
testing  by  the  loss  of  charge  method,  the  deflection  for  full 
charge  was  283  divisions,  and  after  four  minutes'  leakage  a 
deflection  of  80  divisions  was  obtained.  What  was  the  in- 
sulation resistance  ?  Ans.   106.6  megohms. 

(1580)  What  methods  may  be  employed  to  regrind  car- 
wheels  ? 

(1581)  What  will  be  the  load  on  a  10-car  road,  5  miles 
long,  under  the  following  conditions:  The  cars,  weighing 
8  tons  each,  will  be  equidistant  from  each  other,  cov- 
ering the  distance  in  30  minutes;  suppose  three  cars  to  be 
starting,  two  of  them  on  a  level  and  the  other  on  a  3  per 
cent,  grade;  another  car  is  mounting  a  5  percent,  grade; 
one  is  at  rest;  four  are  running  on  the  level,  and  one  is  de- 
scending a  4  per  cent,  grade  ?  Consider  efficiency  as  GO  per 
cent.  Ans.   184.  G  horsepower. 


ELECTRIC   LIGHTING. 

(ARTS.  3441-3540.) 


(1582)  In  what  respect  do  incandescent  lamps  for  series 
circuits  differ  from  those' used  on  parallel  lines  ? 

(1583)  What  is  the  value,  at  any  time,  of  the  current  in 
the  neutral  wire  of  a  three-wire  direct-current  system  ? 

(1584:)  What  is  the  average  current  of  a  2,000  candle- 
power  series  arc  lamp  ? 

(1585)  What  effect  has  increase  of  current  on  a  burning 
arc  ? 

(1586)  Find  the  required  size  of  conductor  for  supplying 
current  to  fifteen  IG  c.  p.,  110-volt  lamps,  at  a  distance  of 
610  feet,  with  a  line  loss  of  13  volts.        Ans.   No.  11  B.  &  S. 

(1587)  If  in  a  three-wire  system  the  percentage  drop  of 
potential  is  the  same  as  in  a  two-wire  system,  both  using 
the  same  kind  of  lamps,  what  will  be  the  relative  sizes  of 
the  main  leads  ? 

(1588)  Upon  a  simple-parallel  incandescent  direct-cur- 
rent 110-volt  circuit,  it  was  decided  to  place  a  few  arc 
lamps.  The  manufacturers  agreed  to  furnish  constant- 
potential  lamps  adjusted  for  45  volts  and  taking  0.5  amperes 
each,  (a)  In  what  manner  should  these  arc  lamps  be 
wired  ?  (b)  Calculate  the  required  auxiliary  resistance, 
and  determine  its  carrying  capacity. 

(1589)  What  is  the  average  temperature  of  the  arc  ? 

(1590)  In  the  alternating-current  series  system,  what 
are  the  usual  transformer  ratios  employed  ? 

(1591)  A  test  was  made  by  Maschke's  method  to  locate 
a  ground  upon  a  series  circuit  containing  CO  arc  lamps. 
The  resistance  of  the  voltmeter   used  was   145,000  ohms. 
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The  lamps  required  45  volts  between  terminals.  When  the 
voltmeter  was  connected  between  the  ground  and  the  minvis 
terminal,  the  reading  was  1,175  volts.  Between  the  ground 
and  plus  terminal  the  reading  was  950  volts,  (a)  Between 
what  two  lamps  was  the  fault  ?  (d)  What  was  the  resist- 
ance of  the  fault  ?  A        i  ('^)  Between  33d  and  34th. 

"^'  (  (d)   38,255  ohms. 

(1592)  For  what  purpose  are  constant-current  generators 
mainly  used  ? 

(1593)  The  resistance  of  a  certain  16  candle-power  in- 
candescent lamp  is  220  ohms,  hot;  the  voltage  required 
to  sustain  the  lamp  at  normal  candle-power  is  110  volts. 
{a)  What  current  does  the  lamp  take  ?  (/?)  How  many  watts 
does  the  lamp  consume  ?     {c)  How  many  watts  per  candle  ? 

(1594)  State  whether  the  same  incandescent  lamps  may 
be  used  on  alternating  and  direct  current  circuits. 

(1595)  {a)  What  is  the  average  rate  of  consumption  of 
carbon  in  the  direct-current  arc  ?  {d)  Which  electrode  is 
more  rapidly  consumed  ? 

(1596)  How  are  the  proper  sizes  of  conductors  found  on 
the  three-wire  system  ? 

(1597)  (a)  Explain  briefly  what  is  meant  by  drop  of 
potential,  {d)  Upon  what  two  factors  does  this  drop  de- 
pend ? 

(1598)  What  are  the  chief  characteristics  of  the  electric 
arc  when  formed  between  two  carbon  electrodes  ? 

(1599)  How  do  impurities  contained  in  the  carbon  affect 
the  brightness  of  the  arc  ? 

(1600)  What  is  the  equivalent  total  value  in  terms  of 
16  c.  p.  lamps,  of  three  100  c.  p.,  eight  50  c.  p.,  and  twelve 
32  c.  p.  lamps  ?  Ans.  66  lamps  of  16  c.  p. 

(1601)  How  does  the  burning  out  of  one  lamp  in  a  mul- 
tiple-arc circuit  affect  the  brightness  of  the  remaining  lamps  ? 

(1602)  {a)  Describe  the  enclosed  arc  lamp,  (d)  Why  do 
carbons  last  Ipnger  in  the  enclosed  than  in  the  open  arc  ? 
(c)  Why  is  it  not  well  to  have  the  arc  enclosed  in  an  air-tight 
chamber  ? 
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(1003)  If  in  an  equally  loaded  three-wire  system  the 
voltage  between  the  neutral  wire  and  orui  side  is  110  volts, 
what  is  the  voltage  across  the  two  outside  conductors  ? 

(1004)  Upon  what  system  are  both  the  primaries  of  the 
transformers  and  the  lamps  themselves  wired  in  modern 
alternating-current  incandescent  circuits  ? 

(1605)  What  is  the  main  objection  to  the  use  of  the  mul- 
tiple-series system  ? 

(IGOO)  What  perfectly  defined  action  takes  place  in  the 
positive  crater  during  the  existence  of  the  arc  ? 

(1607)  An  alternating-current  dynamo  generating  cur- 
rent at  1,000  volts  feeds  to  a  bank  of  six  transformers,  the 
primaries  of  which  are  in  parallel  and  the  secondaries  in 
series.  The  ratio  of  transformation  of  each  transformer  is 
1  to  5.  The  resulting  current  is  transmitted  10  miles  across 
country,  and  is  received  at  the  far  end  at  the  primaries  of  two 
large  transformers  connected  in  series  and  having  a  ratio  of 
transformation  of  15  to  1.  The  secondaries  are  independent, 
and  have  connected  in  parallel  across  their  mains  the  dis. 
tributing  transformers,  which  have  a  ratio  of  transformation 
of  10  to  1,  thus  finally  delivering  100  volts  to  the  lamps.  It 
is  required  to  draw  a  diagram  of  this  complete  circuit,  and 
to  indicate  thereon  the  various  voltages  of  the  several  trans- 
formers and  their  ratios  of  transformation. 

(1608)  On  what  principles  is  the  five-wire  system  de- 
signed ? 

(1009)  What  advantage  is  obtained  by  the  use  of  cored 
carbons  in  arc  lighting  ? 

(1010)  Find  the  resistance  (hot)  of  a  lamp  of  100  volts 
E.  M.  F.  and  .64  ampere  of  current. 

(1011)  {a)  From  what  part  of  the  arc  is  the  light  chiefly 
emitted  ?  (/?)  What  may  be  said  about  the  amount  of  light 
emitted  by  the  flame  itself  ? 

(1612)  {a)  What  advantage  is  gained  by  using  only  a 
series  coil  on  the  enclosed  arc  lamp  ?  (fi)  Under  what  con- 
ditions is  it  preferable  to  use  both  shunt  and  .series  coils  ? 
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(1G13)  (a)  How  many  dynamos  would  be  required  for  a 
seven-wire  system,  and  (d)  how  would  the  dynamos  be  con- 
nected ?  Illustrate  (l?)  by  a  sketch,  showing  incandescent 
lamps  connected  across  the  several  mains. 

(1614)  State  concisely  the  fundamental  principle  of  the 
Edison  feeder  and  main  systems. 

(1615)  (a)  What  is  the  average  drop  in  volts  around  the 
arc  ?     ((^)  To  what  may  this  drop  be  attributed  ? 

(1616)  A  circuit  of  three  hundred  and  fifty  16  candle- 
power  110-volt  lamps,  taking  ^  ampere  each,  is  to  be  wired 
for  a  5  per  cent,  loss  in  conductors.  The  distance  from  gen- 
erator to  center  of  distribution  is  600  feet.  Required,  the 
size  of  conductor  and  the  drop  of  potential  resulting,  if  with 
5  per  cent,  loss  the  proper  carrying  capacity  is  not  obtain- 
able and  a  larger  wire  must  be  used. 

(1617)  If  at  a  distance  of  3  feet  from  a  certain  source  of 
illumination  the  candle-power  is  20,  what  is  it  at  a  distance 
of  6  feet,  other  things  being  equal  ? 

(1618)  How  much  light  is  cut  off  from  an  arc  lamp  by 
the  use  of  the  ordinary  glass  globe  ? 

(1619)  Of  what  are  commercial  arc-light  carbons  mainly 
composed  ? 

(1620)  A  circuit  supplying  150  lamps  in  multiple  arc  is 
to  be  run  600  feet  with  6  per  cent.  loss.  The  voltage  of  the 
lamps  is  110  volts  and  the  current  per  lamp  is  ^  ampere. 
What  size  of  conductor  must  be  selected  ? 

(1621)  What  is  the  principal  advantage  obtained  by  the 
use  of  the  three-wire  system  ? 

(1622)  What  is  the  purpose  of  regulators  for  arc-lighting 
machines  ? 

(1623)  For  what  voltage  are  arc  lamps  usually  adjusted  ? 

(1624)  A  single  constant-potential  incandescent  circuit  is 
to  be  supplied  with  a  number  of  arc  lamps,  {a)  How  many 
lamps  would  you  connect  in  series  were  the  voltage  110  ? 
(d)  How  many  if  the  voltage  were  50  ? 

(1625)  (a)  Upon  what  does  the  color  of  the  arc  chiefly 
depend  ?     {d)  What  is  the  color  of  the  carbon  arc  ? 
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(1G20)  {(j)  What  potential  is  usually  employed  in  oper- 
ating enclosed  arc  lamps  ?  (d)  Why  are  carbons  of  excep- 
tional purity  desirable  ? 

(1627)  Describe  the  action  of  the  Wood  regulator. 

(1628)  A  certain  wiring  contract  specifies  that  all  con- 
ductors shall  have  a  carrying  capacity  of  1,000  circular  mils 
per  ampere.  There  are  five  circuits  carrying  currents  as 
follows:  1st  circuit,  10  amperes;  2d  circuit,  GO  amperes;  3d 
circuit,  30  amperes;  4th  circuit,  80  amperes;  5th  circuit, 
being  the  main,  190  amperes,  i.  e.,  slightly  more  than  the 
sum  of  all  the  other  circuits.  Required,  to  find  the  wire 
size  for  each  circuit  corresponding  to  the  above  specifi- 
cations. 

(1629)  A  direct  current  of  10  amperes  is  to  be  transmit- 
ted a  distance  of  several  miles  through  a  conductor  having 
a  total  resistance  of  3  ohms.  What  will  be  the  drop  in  the 
line  ? 

(1630)  How  is  regulation  of  the  alternating-current 
series  circuit  effected  ? 

(1631)  What  function  does  the  arc  lamp  cut-out  perform  ? 

(1632)  What  is  the  characteristic  feature  of  a  constant 
potential  circuit  ? 

(1633)  What  is  the  greatest  advantage  obtained  by  the 
use  of  the  Edison  feeder  and  main  system  ? 

(1634)  How  is  regulation  effected  in  the  case  of  an  en- 
closed arc  lamp  having  only  a  series  coil  ? 

(1635)  What  is  understood  by  the  efficiency  of  an  elec- 
tric lamp  ? 

(1636)  {a)  State  what  is  meant  by  mean  spherical  candle- 
power  of  a  lamp,  (d)  If  the  mean  horizontal  candle-power 
of  an  arc  lamp  equals  421  and  the  maximum  candle-power 
equals  2,070,  what  is  the  mean  spherical  candle-power  ? 

Ans.  728  c,  p. 

(1637)  {a)  Describe  the  mechanism  of  the  Thomson- 
Hcfuston  arc  machine.  What  are  the  functions  (^)  of  the 
controlling  magnet  ?     (r)  of  the  regulating  magnet  ? 
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(1G38)  (a)  Sketch  and  describe  the  tree  system  for  wiring 
houses,  {h)  Sketch  and  describe  the  closet  system  for  wiring 
houses. 

(1G39)  What  is  the  average  life  in  hours  of  an  incandes- 
cent lamp  ? 

(1640)  What  is  the  characteristic  feature  of  a  constant- 
current  circuit  ? 

(1641)  What  method  is  generally  used  for  regulating 
constant-current  generators  on  series  arc  circuits  ? 

(1642)  {a)  How  many  dynamos  are  required  in  the  Edi- 
son three- wire  system  ?  (/;)  State  how  they  are  connected, 
whether  in  parallel  or  series. 

(1643)  {a)  What  is  the  fundamental  requirement  in  re- 
gard to  the  conductor  of  an  incandescent  lamp  ?  (/;)  Of 
what  substance  is  this  conductor  usually  composed  ?  {c) 
What  is  the  conductor  technically  termed  ? 

(1644)  State  the  average  of  watts  per  candle  required  by 
incandescent  lamps. 

(1645)  What  is  the  main  limiting  factor  to  the  current- 
carrying  capacity  of  a  wire  ? 

(1646)  A  building  is  to  be  supplied  with  current  for  200 
lamps  of  16  c.  p.,  110  volts,  the  center  of  distribution  being 
700  feet  distant  from  the  generator.  What  size  conductor 
should  be  used  when  a  drop  of  9  volts  is  allowed  ? 

Ans.  No.  000  B.  &  S. 

(1647)  [a)  Sketch  and  describe  several  methods  for  con- 
necting incandescent  lamps,  so  that  nearly  equal  E.  M,  F.  's. 
shall  be  preserved  at  all  points,  {b)  What  number  of  lamps 
is  allowable  in  a  house  on  any  one  circuit  ? 


Dynamo-Elfxtric  Machine  Design. 

(CONTINUOUS-CURRENT.) 
(ARTS.  3541-3775.) 


(1648)  On  what  account  is  a  high  speed  advisable  for 
armatures,  and  what  drawbacks  does  this  present  ? 

(1G49)     "What  do  you  understand  by  back  ampcre-tiirns? 

(1650)  Explain  the  term  "volume  of  current." 

(1651)  What  advantage  is  derived  from  making  the 
density  very  high  in  the  teeth  of  a  slotted  armature  ? 

(1652)  In  a  4-pole  dynamo  it  is  found  that  one  of  the 
complete  magnetic  circuits  requires  4,800  ampere-turns. 
How  many  ampere-turns  must  be  provided  on  each  field 
spool  ? 

(1653)  Why  is  it  advisable  to  allow  for  slight  end  play  in 
the  armature  shaft  of  a  belt-driven  dynamo  ? 

(1654)  What  are  the  chief  factors  which  limit  the  output 
of  a  constant-potential  dynamo  ? 

(1655)  What  is,  in  general,  the  peripheral  speed  adopted 
for  armatures  ? 

(1656)  Name  the  advantages  or  disadvantages  attending 
the  use  of  short  spools  for  field-magnets. 

(1657)  How  do  you  express  the  cross  ampere-turns  in 
terms  of  armature  current  and  conductors  ? 

(1658)  Why  is  it  necessary,  in  general,  to  increase  the 
length  or  density  of  the  air-gap  when  increasing  the  capac- 
ity of  an  armature  ? 

(1659)  Why  is  a  constant-current  dynamo  designed  with 
a  weak  field  ? 

(1660)  {a)  If  the  number  of  turns  on  a  full  magnet  spool 
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of  a  shunt  dynamo  is  decreased  by  10  per  cent.,  what  will  be 
the  effect?  (d)  Will  it  be  necessary  to  choose  another  size 
of  wire,  in  order  to  still  get  the  proper  amount  of  ampere- 
turns  ?     (c)  Why  ? 

(IGGl)  In  what  way  may  an  external  characteristic  of  a 
dynamo  prove  useful  ? 

(1GG2)  What  material  is  generally  used  for  binding  wires, 
and  of  what  size  wire  are  they  usually  made  ? 

(1GG3)  Why  should  webbed  pulleys  be  used  for  small 
dynamos  ? 

(1GG4)  What  is  approximately  the  limiting  temperature  to 
which  it  is  safe  to  subject  an  armature  when  in  continual  use  ? 

(1665)  What  is  the  usual  limit  of  winding  depth  on  a  field- 
magnet,  and  why  is  this  limit  necessary  ? 

(IGGG)  When  the  field  of  a  dynamo  is  energized,  and  at 
the  same  time  a  current  flows  through  the  armature,  what 
is  the  result  on  the  lines  of  force  of  the  field  ? 

(1GG7)  How  is  it  that,  when  a  heavy  current  necessitates 
a  large  angle  of  lead,  the  demagnetizing  action  of  the  back 
ampere-turns  does  not  necessarily  produce  sparking  at  the 
brushes  ? 

(1668)  (a)  What  do  you  understand  by  armature  ampere- 
turns  ?  (d)  Express  their  value  in  terms  of  armature  con- 
ductors and  current. 

(1669)  Under  what  conditions  may  the  length  of  air-gap 
be  equal  to  one-half  the  width  of  slot  of  a  toothed  armature  ? 

(1670)  (a)  Is  any  question  of  efficiency  involved  in  the 
choice  of  the  number  of  turns  of  wire  in  shunt  field  spools  ? 
(/;)  If  so,  how  ? 

(1671)  Up  to  what  limit,  approximately,  may  a  bipolar 
form  of  machine  be  economically  built  ? 

(1672)  Why  should  one  or  both  of  the  pedestals  of  a  bipo- 
lar dynamo  be  removable  ? 

(1673)  How  is  overload  to  be  considered  when  adopting 
the  designs  for  a  dynamo  ? 
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(1674)  What  is,  approximately,  the  percentage  of  loss  in 
the  field  coils  of  a  shunt  dynamo  ? 

(1075)  (a)  Do  the  cross  ampere-turns  affect  the  total 
strength  of  field  ?     {6)  Give  reasons  for  your  answer. 

(1676)  How  would  you  determine  the  electrical  efficiency 
of  a  dynamo  ? 

(1677)  What  is  the  maximum  volume  of  current  which 
may  be  taken  from  (a)  a  drum  armature  ?  (d)  a  ring  arma- 
ture ? 

(1678)  Name  some  of  the  special  applications  of  smooth- 
core  and  slotted  armatures. 

(1679)  How  is  a  magnetization  curve  used  in  determining 
the  series  ampere-turns  for  a  compound-wound  dynamo  ? 

(1680)  Why  is  the  insulation  at  the  ends  of  commutator 
bars  extended  beyond  the  edges  of  the  bars  ? 

(1681)  What  amount  of  surface  should  be  allowed  on  an 
armature  per  watt  expended  in  heating  ? 

(1682)  In  what  part  of  the  magnetic  circuit  is  the  mag- 
netomotive force  of  the  armature  ampere-turns  mostly 
expended  ? 

(1683)  (a)  What  result  would  follow  if  the  magnetomo- 
tive force  at  one  pole  tip,  due  to  the  cross  ampere-turns, 
should  become  as  great  as  the  magnetomotive  force  due  to 
the  field  ?     (d)  What  should  be  the  relation  between  the  two 

values  ? 

(1684)  What  amount  of  surface  should  be  allowed  on  field 
spools  per  watt  expended  in  heating  ? 

(1685)  What  effect  has  a  small  winding  volume  for  the 
field  coils  on  the  regulation  of  a  dynamo  ? 

(1686)  What  is  the  limiting  potential  difference  to  be 
allowed  between  succeeding  commutator  segments  of  a  con- 
stant-potential dynamo  ? 

(1687)  What  is  the  reason  for  the  use  of  laminated  pole- 
pieces  ? 

(1688)  Stale  Ksson's  rule  giving  the  rise  in  temperature 
of  an  armature  for  different  conditions  of  load  and  speed. 
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(1G89)  At  what  points  are  found  the  greatest  magnetic 
differences  of  potential  due  to  the  armature  ampere-turns  ? 

(1090)  What  is  the  particular  value  of  a  high  magnetic 
density  in  the  core  of  a  ring  armature  ? 

(1G91)  {a)  What  style  of  machine  is  preferable  for  use  in 
electroplating  ?     (i?)  Why  ? 

(1G92)  What  is  the  purpose  of  a  shunt  across  the  termi- 
nals of  the  series  winding  of  a  compound-wound  dynamo  ? 

(1G93)  Why  is  it  not  good  practice  to  use  single  brushes 
on  the  commutator  at  each  terminal  ? 

(1694)  (a)  Would  it  be  possible,  under  ordinary  condi- 
tions, to  dispense  with  the  back  ampere-turns  of  the  arma- 
ture ?     {l>)  Give  reasons  for  your  answer. 

(1G95)  What  densities  of  lines  of  force  are  used  in  {a) 
armature  teeth  ?  (i?)  armature  cores  ?  {c)  yokes  1  {d)  mag- 
net cores  ? 

(169G)  What  is  the  rule  for  determining  the  proportions 
between  shunt  and  series  windings  for  a  compound-wound 
dynamo  ? 

(1G97)  In  the  shunt  fields  of  a  certain  dynamo  the  loss  is 
3  per  cent,  of  the  total  output.  A  leakage  coefficient  of  1.25 
was  used  in  calculating  the  shunt  winding.  What  percent- 
age of  the  output  is  lost  in  leakage,  assuming  the  above 
figures  to  be  correct  ? 

(1G98)  How  do  you  express  the  maximum  value  of  arma- 
ture ampere-turns  in  terms  of  volume  of  current  and  of 
'number  of  field-magnet  poles  ? 

(1699)  On  what  account  are  copper-gauze  brushes  to  be 
recommended  for  use  with  dynamos  for  lighting  on  incan- 
descent circuits  ? 

(1700)  Give  a  useful  formula  for  determining  the  rise  in 
temperature  of  field  spools  when  carrying  current. 

(1701)  How  do  you  explain  the  fact  that  the  loss  due  to 
eddy  currents  in  the  pole-pieces  is  reduced  in  any  given  case 
by  increasing  the  length  of  the  air-gap  ? 
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(170'2)  Explain  how  a  sloping  line  drawn  from  the  origin 
of  a  characteristic  to  any  point  on  it  will  indicate  graphically 
the  amount  of  resistance  in  the  circuit. 

(1703)  For  what  reason  is  a  footstep  of  zinc  provided  for 
the  Edison  bipolar  dynamo  ? 

(1704)  (a)  In  what  way  are  the  back  ampere-turns  of  the 
armature  neutralized  ?     {d)  How  is  their  value  determined  ? 

(1705)  What  are  the  disadvantages  of  a  slotted  form  of 
armature  ? 

(170G)  What  do  you  understand  by  the  critical  resistance 
of  an  external  circuit  supplied  with  power  from  a  dynamo  ? 

(1707)  Why  must  the  proportion  of  field  ampere-turns 
to  cross  ampere-turns  be  greater  in  the  case  of  ring  than  of 
drum  armatures  ? 

(1708)  What  current  densitiei:  may  be  used  at  the  brush 
contact  surfaces  in  the  case  of  (a)  copper  brushes  ?  (d)  brass 
brushes  ?  (c)  carbon  brushes  ? 

(1709)  (a)  When  the  leading  pole  tip  is  weak,  necessita- 
ting the  short-circuited  coil  being  brought  close  to  the  edge 
of  the  pole-piece,  what  effect  may  be  expected  ?     (^)  Why  ? 

(1710)  To  what  is  due  the  fall  of  the  characteristic  from 
the  point  of  highest  E.  M.  F.  with  increase  of  load  ? 

(1711)  A  shunt-wound  bipolar  dynamo  is  to  be  designed, 
capable  of  furnishing  5  horsepower.  Provide  a  slotted 
armature,  allowing  for  this  work  600  circular  mils  per 
ampere  in  armature  conductors.  Shunt  winding  will 
absorb  about  3  per  cent,  of  output.  E.  M.  F.  at  terminals, 
230  volts.  Peripheral  velocity  of  armature,  2,600  feet  per 
minute.  Determine  size  of  armature  and  field  frame,  number 
of  lines  of  force  (using  a  leakage  coefficient  of  1.25),  size  of 
wire  for  armature  and  field  coils,  and  number  of  turns  of 
wire  in  each  case. 
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(1712)  (a)  What  is  meant  by  the  counter  E.  M.  F.  of  a 
motor  ?  (d)  Ii  a  2-pole  motor  is  running  at  a  speed  of 
1,000  revolutions  per  minute  and  the  magnetic  flux  is 
3,000,000  lines,  what  will  be  the  counter  E.  M.  F.  generated, 
the  armature  being  provided  with  400  conductors  ? 

Ans.   (6)  200  volts. 

(1713)  Explain  why  a  shunt-wound  motor  will  run  at 
nearly  constant  speed  when  supplied  from  constant-poten- 
tial lines,  no  matter  what  load  the  motor  may  be  carrying. 

(1714)  (a)  If  a  shunt  motor  is  connected  across  220-volt 
mains  and  its  armature  has  a  resistance  of  .05  ohm,  what 
counter  E.  M.  F.  must  it  be  generating  when  the  current 
flowing  through  it  is  100  amperes  ?  {d)  What  current  would 
flow  if  the  armature  were  held  from  turning  ? 

Ans   -i  ^""^  ^^^  ''''^^^^ 

I  {b)   4,500  amperes. 

(1715)  Why  are  series  motors  better  adapted  for  street- 
railway  work  than  shunt  motors  ? 

(1716)  /*,  Fig.  40,  represents  the  pulley  of  a  motor,  to 
which  is  clamped  a  brake.  The  arm  of  the  brake  is  2  feet  long. 
When  the  motor  is  taking  a  current  of  25  amperes,  the  spring 
balance  gives  a  reading  of  10  pounds.  The  armature  is  pro- 
vided with  300  conductors,  and  it  takes  a  constant  torque  of 
1  foot-pound  to  overcome  friction.  Calculate  {a)  the  total 
flux   from   the   field    into   the   armature;    {b)  the  average 

For  notic«  of  copyright,  see  page  immediately  following  the  title  i>age. 
M.   r.     IV.~'>3 


2926 


MOTOR  DESIGN. 


propelling  force  exerted  on  each  conductor,  supposing  that 
f  of  the  conductors  are  under  the  poles  at  any  given  instant 


Fig.  40. 

and  that  the  diameter  of  the  armature  is  12  inches. 

j  (a)  2,393,100  lines,  approx. 
^"'-  I  {d)  .21  lb. 

(1717)  (a)  What  is  meant  by  the  commercial  efficiency 
of  a  motor  ?  (d)  If  a  motor  has  a  commercial  efficiency  of 
85^  and  it  delivers  10  H.  P.  at  the  pulley,  what  current  will 
it  take  from  500- volt  mains  ?  Ans.    {d)  17.55  amp. 

(1718)  {a)  How  does  the  speed  of  a  series  motor,  oper- 
ated from  constant-potential  mains,  vary  with  the  load  ? 
(l?)  Why  is  it  not  safe  to  throw  the  load  completely  off  a 
series  motor  operated  as  above  ? 

(1719)  How  does  strengthening  the  field  affect  the  speed 
of  a  motor  under  ordinary  conditions  ? 

(1720)  If  it  were  desired  to  design  a  shunt  motor  for  an 
output  of  20  H.  P.  when  operated  on  220  volts,  at  a  speed  of 
800  R.  F  M.,  explain  how  you  would  find  the  capacity  (volt- 
age, current,  output,  etc.)  for  the  corresponding  dynamo, 
and  give  the  approximate  values  for  the  above  quantities. 
Take  field  loss  to  be  3^. 

j  Current,  79.44  amp. 

I  Voltage,  208  at  800  R.  P.  M. 

(1721)  (a)  Describe  two  methods  for  regulating  the 
speed  of  a  shunt  motor,  (d)  Which  method  is  the  more 
economical  ? 

(1722)  {a)  Why  is  it  necessary  to  insert  a  resistance  in 
series  with  the  armature  of  a  motor  when  starting,  in  case 
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the  motor  is  operated  on  constant-potential  mains  ?  (d)  What 
would  be  the  result  if  the  current  were  switched  on  when 
the  starting  resistance  was  all  cut  out  ? 

(1723)  A  motor  armature  is  provided  with  500  con- 
ductors and  is  placed  in  a  field  which  covers  GO,'^  of  the  sur- 
face. The  total  magnetic  flux  is  2,500,000  lines,  {a)  What 
will  be  the  total  torque  e.xerted  when  the  current  flowing  is 
20  amperes  ?  {d)  What  will  be  the  pull  on  each  conductor 
if  the  diameter  of  the  armature  is  9  inches  ? 

{{a)  29.25  ft. -lb. 
^"^-  i  {b)  .26  lb. 

(1724)  {a)  What  is  wrong  with  the  motor  connections 
shown  in  Fig.  41,  and  show  how  you  would  correct  them  ? 

{b)  What  would  be  the  result  Main^.       

if  an  attempt  were  made  to 
start  the  motor  under  load 
with  the  connections  as  shown  ? 

(1725)  {a)  What  is  meant 
by  the  efficiency  of  conversion 
of  a  motor  ?  {b)  If  a  motor 
generates  a  counter  E.  M.  F. 
of  100  volts  when  the  current 
flowing  in  the  armature  is 
10  amperes  and  delivers 
1  H.  P.  at  the  pulley,  what  is 
the  value  of  the  efficiency  of 
conversion  ?     Ans.   {b)  74.  Gj^. 

(1726)  Describe  two 
methods  of  regulating  the 
speed  of  a  series  motor  oper- 
ated from  constant-potential 
mains. 

(1727)  How  would  you 
reverse  the  direction  of  rotation  of  a  shunt  motor  ? 

(1728)  How  may  a  motor  be  wound  to  secure  constant 
speed  regulation  ?  Show  why  this  method  secures  the 
desired  result. 
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(1729)  {a)  How  does  the  cross-magnetization  of  the 
armature  affect  the  field  of  a  motor  ?  (d)  What  is  the  effect 
of  this  cross-magnetization  as  far  as  the  non-sparking  point 
of  the  brushes  is  concerned  ? 

(1730)  (a)  What  is  the  effect  of  the  armature  back 
ampere-turns  on  the  field  of  a  motor  ?  {d)  Why  do  the  back 
ampere-turns  tend  to  keep  the  speed  constant  in  the  case 
of  a  shunt  motor  ? 

(1731)  It  is  desired  to  design  a  series  motor  for  a  full- 
load  output  of  30  H.  P.  at  800  R.  P.  M.  The  motor  is  to  be 
operated  on  500-volt  constant-potential  mains.  AVhat  would 
be  the  current  output  and  voltage  of  the  corresponding 
dynamo  which  you  would  design  for  this  purpose,  and  what 
would  be  its  speed  at  full  load  ? 

(1732)  Why  is  cast  steel  used  almost  exclusively  for  the 
construction  of  railway-motor  field  frames  ? 

(1733)  {a)  Why  is  it  necessary  to  have  a  regulating 
device  to  secure  constant  speed  from  a  series  motor  operated 
on  a  constant-current  arc-light  circuit  ?  {d)  How  does  the 
voltage  across  the  terminals  of  such  a  motor  vary  with  the 
load? 

(1734)  Why  are  railway-motor  armatures  generally  pro- 
vided with  two-path  or  series-connected  windings  ? 

(1735)  How  would  you  reverse  the  direction  of  rotation 
of  a  series  motor  ? 

(1736)  Why  is  it  essential  in  the  design  of  a  good  motor 
to  make  the  field  strong  and  the  armature  reaction  as  weak 
as  possible  ? 

(1737)  Show  that  the  E.  M.  F.  generated  in  the  con- 
ductors of  a  motor  armature  is  opposed  to  the  current  flow- 
ing through  the  armature. 

(1738)  What  would  happen  if  the  field  circuit  of  a  shunt 
motor  were  broken  while  the  motor  was  in  operation  ? 

(1739)  Why  do  some  shunt  machines,  which  when  run 
as  dynamos  give  very  poor  regulation  for  constant  potential, 
run  fairly  well  as  motors  and  give  nearly  constant  speed  ? 
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(1740)  Why  should  the  field  of  a  shunt  motor  be  excited 
before  current  is  allowed  to  flow  through  the  armature  ? 

(1741)  How  would  you  cut  out  a  constant-current  motor 
from  the  circuit  on  which  it  is  operating  ? 

(1742)  Why  should  the  switch  arm  of  a  starting  rheostat 
never  be  left  on  an  intermediate  point  ? 

(1743)  (a)  What  is  meant  by  the  electrical  efficiency  of 
a  motor  ?  (d)  If  the  armature  has  a  high  resistance,  how  are 
the  speed  and  electrical  efficiency  affected  ? 

(1744)  If  the  electrical  efficiency  of  a  motor  is  90^  and 
the  efficiency  of  conversion  is  85^,  what  is  its  commercial 
efficiency?  Ans.   .765,  or  76.5^. 

(1745)  {a)  What  is  meant  by  the  torque  of  a  motor  ? 
{^)  Show  that,  for  a  given  value  of  the  current,  the  torque 
of  a  shunt  motor  is  independent  of  the  speed. 

(1746)  (a)  What  are  the  principal  sources  of  loss  in  a 
motor  ?     {d)  What  limits  the  output  of  a  motor  ? 

(1747)  A  motor  J/,  Fig. 
42,  is  running  on  110- volt 
constant-potential  mains. 
Suppose  the  switch  A 
connecting  the  motor 
with  the  mains  is  opened 
so  as  to  cut  off  the  supply 
current,  and  immediately 
after  the  switch  B  is 
closed  so  as  to  short-cir- 
cuit   the    motor.     What 

will  be  the  result  ?    Give    ^j^^SlSJmsUlSiSlStSljmjlSJlSiSU 
reasons  for  your  answer.  p^^  ^ 
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(ARTS.    3836-4056.) 

(1748)  {a)  Explain  the  difference  between  an  alternating 
current  and  a  direct  current,  {d)  What  is  meant  by  the 
frequency  of  an  alternating  current  ? 

(1749)  {a)  What  is  meant  when  it  is  said  that  two  alter- 
nating currents  differ  in  phase  ?  (d)  When  are  two  currents 
in  quadrature  ?     [c)  When  are  two  currents  in  opposition  ? 

(1750)  (a)  What  is  meant  by  the  inductance  of  a  coil  or 
circuit  ?  {d)  Why  is  the  inductance  of  a  coil  increased  by 
surrounding  it  with  iron  ? 

(1751)  (a)  What  is  a  transformer  and  for  what  is  it  used  ? 
{If)  Can  a  transformer  be  used  on  a  direct-current  circuit, 
and  if  not,  why  ?  (r)  Describe  the  essential  parts  of  a 
transformer. 

(1752)  What  is  meant  by  a  three-phase  alternating-cur- 
rent system  ? 

(1753)  {a)  What  are  rotary  transformers  ?  {d)  Explain 
the  principle  of  a  simple  two-phase  two-pole  rotary  trans- 
former, and  draw  a  diagram  showing  the  armature  connec- 
tions for  the  same. 

(1754)  Would  it  be  possible  to  have  a  single-phase  rotary 
transformer,  with  a  single  armature  winding,  supplied  with 
alternating  current  at  50  volts,  and  have  this  transformed 
to  continuous  current  at  100  volts  ?  Give  reasons  for  your 
answer. 

(1755)  {a)  What  is  meant  by  the  capacity  of  a  line  or 
circuit  ?      {b)  Define    the    unit    of    capacity.       {c)  If   two 
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capacities,  one  of  20  microfarads  and  the  other  of  10  mi- 
crofarads, are  connected  in  parallel,  what  is  the  combined 
capacity  of  the  two  ? 

(1756)  A  three-phase  alternator  has  twelve  poles.  What 
must  be  the  angular  distance,  in  degrees,  which  the  three 
sets  of  coils  composing  the  armature  winding  must  be  dis- 
placed from  each  other  ?  Ans.  20°. 

(1757)  {a)  What  is  meant  by  the  reactance  of  a  circuit  ? 
{d)  Does  the  reactance  of  a  circuit  change  with  changes  in 
the  frequency  ?     (c)  What  unit  is  used  to  express  reactance  ? 

(1758)  How  do  the  pressures  between  the  three  lines  of  a 
three-phase  system  compare  ?  In  other  words,  would  volt- 
meters connected  across  the  three  pairs  of  lines  all  read  the 
same  or  not  ? 

(1759)  A  transformer  has  two  coils  on  its  primary,  each 
wound  for  1,000  volts.  It  also  has  two  coils  on  the  secondary, 
each  wound  for  50  volts.  Give  a  diagram  showing  how  to 
connect  up  the  primary  so  that  it  may  be  connected  to  1,000- 
volt  mains,  and  the  secondary  so  that  it  will  supply  an 
E.  M.  F.  suitable  for  100-volt  lamps. 

(1760)  (a)  What  is  meant  by  the  impedance  of  an  alter- 
nating-current circuit,  and  how  are  the  impressed  E.  M.  F,, 
current,  and  impedance  related  to  each  other  ?  (d)  What 
general  form  does  Ohm's  law  assume  for  alternating-current 
circuits  ? 

(1761)  An  alternator,  frequency  60,  is  connected  to  a 
circuit  having  a  negligible  resistance  and  an  inductance  of 
.5  henry.  Find  the  pressure  which  must  be  supplied  by  the 
alternator  in  order  to  cause  a  current  of  5  amperes  to  flow 
in  the  circuit.  Ans.  942  volts. 

(1762)  (a)  Point  out  the  difference  between  the  Y  and 
the  A  methods  of  connecting  up  three-phase  armatures. 
(^)  Is  the  output  of  a  three-phase  armature  affected  by 
changing  its  connections  from  Y  to  A  or  the  reverse  ? 

(1763)  {a)  Explain  what  is  meant  by  the  effective  value 
of  an  alternating  current.     (^)    If  an  alternating  current 
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flowing  through  a  resistance  reaches  a  maximum  value  of 
150  amperes  during  each  alternation,  what  continuous  cur- 
rent would  develop  the  same  amount  of  heat  when  sent 
through  the  same  resistance  ?  Ans.   106  amperes. 

(17G4)  Three  transformers  having  400  turns  on  their 
primary  coils  are  connected  up  A  across  ], 000- volt  three- 
phase  mains.  Each  transformer  has  50  turns  in  its  secondary 
coil,  and  the  three  secondaries  are  connected  up  Y.  What  will 
be  the  voltage  between  the  secondary  three-phase  mains  ? 

Ans.  216.5  volts. 

(1765)  (a)  What  is  meant  by  the  efficiency  of  a  trans- 
former ?  (d)  A  transformer  is  supplied  with  1,800  watts  and 
delivers  a  useful  secondary  output  of  2.2  H.  P. ;  what  is  its 
efficiency?  Ans.   Efficiency  =  .912  or  91. 2j^. 

(1766)  Why  is  it  not  necessary  to  have  any  moving  parts 
in  a  transformer  for  changing  alternating  current  from  one 
voltage  to  another  ? 

(1767)  {a)  What  is  meant  by  the  angle  of  lag  ?  (d)  How 
would  you  determine  the  angle  of  lag  for  a  circuit  if  you 
knew  the  values  of  the  resistance,  inductance,  and  frequency? 

(1768)  An  alternator  giving  60  cycles  per  second  is  con- 
nected to  a  circuit  having  a  resistance  of  12  ohms  and  an 
inductance  of  .2  henry,  (a)  What  current  will  flow  in  the 
circuit  if  the  alternator  maintains  a  pressure  of  500  volts  ? 
(d)  What  will  be  the  value  of  the  angle  of  lag  ? 

.        j  {a)  6.55  amperes. 

(  {d)  Angle  of  lag  =  80°  57'. 

(1769)  {a)  What  would  the  current  have  been  in  the  last 
example  if  the  circuit  had  a  negligible  amount  of  resistance  ? 
{d)  What  would  the  angle  of  lag  be  in  this  case  ? 

.        j  (a)  Current  =  6.63  amperes. 
'  I  {d)  Angle  of  lag  =  90". 

(1770)  {a)  How  may  an  alternator  be  compounded  ?  {d) 
Explain  the  use  and  action  of  the  rectifier,  {c)  How  many 
sections  must  the  rectifier  have  compared  with  the  number 
of  poles  on  the  machine  ? 
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(1771)  (a)  What  is  meant  by  non-inductive  resistance? 
(d)  Does  the  current  lag  behind  the  E.  M.  F.  in  flowing 
through  such  a  resistance  ?  If  not,  why  ?  {c)  Give  exam- 
ples of  non-inductive  resistances. 

(1772)  (a)  Why  are  iron  cores  always  used  in  trans- 
formers ?  {^)  How  would  the  magnetizing  current  be 
affected  if  the  core  were  removed  ? 

(1773)  What  is  the  relation  between  the  frequency, 
speed,  and  number  of  poles  of  an  alternator  ? 

(1774)  What  would  happen  if  a  wattmeter  were  con- 
nected in  a  circuit  with  its  current  coil  across  the  mains 
instead  of  in  series  with  them  ? 

(1775)  If  a  single-phase  alternator  armature  with  as 
many  coils  as  poles  on  the  machine  were  to  be  connected  up, 
how  would  the  connections  between  the  different  coils  be 
made  in  order  that  none  of  the  E.  M.  F.'s  induced  in  the 
different  coils  may  neutralize  each  other  ? 

(1776)  In  Fig.  43,  A  represents  an  alternator  which  is 
connected  to  a  circuit  a  b  having  a  non-inductive  resistance 


XOQO  Yalta.- 


3- 


100  Ohms.  ^P      , 

Microfarada. 

Fig.  43. 

of  100  ohms  connected  in  series  with  a  condenser  of  10 
microfarads  capacity.  The  alternator  maintains  a  pressure 
of  1,000  volts  at  a  frequency  of  125  cycles  per  second. 
What  will  be  the  current  which  will  flow  in  the  circuit  ? 

Ans.   6.17  amperes. 

(1777)  {a)  If  two  transformers  A  and  B  were  connected 
up  with  their  secondaries  in  parallel,  as  shown  in  Fig.  44, 
what  would  be  the  result  ?  {d)  How  could  the  trouble  be 
remedied  ? 

(1778)  Suppose  the  current  in  one  of  the  lines  from  a 
three-phase  alternator  is  at  its  maximum  value  of  150  am- 
peres at  a  particular  instant,     (a)  What  will  be  the  value 
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of  the  currents  in  the  other  two  lines  at  the  same  instant  ? 
(d)  What  will  be  the  direction  of  these  two  currents  as 
regards  the  current  in  the  first  line  ? 
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(1779)  An  alternator  has  20  poles,  and  its  armature  runs 
at  a  speed  of  300  R.  P.  M.  (a)  "What  will  be  the  frequency  ? 
(d)  How  long  will  it  take  the  current  from  such  a  machine 
to  pass  through  one  complete  cycle  ? 

A        i  i^)  ^^  cycles  per  second. 
(  {d)  -5^  of  a  second. 

(1780)  If  an  alternator  be  connected  to  a  circuit  having 
a  very  small  resistance  and  a  large  amount  of  inductance, 
what  will  be  the  phase  relation  of  the  current  and  E.  M.  F.? 

(1781)  Explain  how  the  output  of  an  alternator  may  be 
limited  by  high  self-induction  in  its  armature. 

(1782)  An  alternator  A  is  connected  to  a  condenser  B^  as 
shown  in  Fig.  45,  and  it  is  found  that  a  current  of  2  amperes 
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flows.  The  pressure  maintained  by  the  alternator  is  1,000 
volts  and  the  frequency  is  125.  Find  {a)  the  capacity  of  the 
condenser;  {b)  the  power  in  watts  necessary  to  maintain 
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the  current.     In    this    example    the    connecting    wires   are 
supposed  to  have  a  negligible  amount  of  resistance. 

.        j  (a)  2.54  microfarads. 
^''^'  (  (b)  Zero. 

(1783)  (a)  What  is  a  synchronous  motor  ?  (l?)  Why  will 
a  single-phase  synchronous  motor  not  start  of  its  own 
accord  ?  (c)  Why  will  such  a  motor  continue  running  after 
it  is  first  run  up  to  the  same  frequency  as  the  alternator 
driving  it  ? 

(1784)  Suppose  it  were  desired  to  design  a  reactance  or 
choking  coil  to  be  connected  in  series  with  a  lamp  circuit 
for  the  purpose  of  dimming  the  lamps.  This  coil  consists 
simply  of  a  circular  laminated  iron  core  wound  with  wire 
sufficiently  heavy  to  carry  the  current  to  operate  the  lamps. 
It  is  connected  in  series  as  shown  in  Fig.  4G.     The  lamps  L 
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burn  at  full  brilliancy  when  the  pressure  is  100  volts,  and 
it  is  desired  to  design  the  coil  to  furnish  a  counter  E.  M.  F. 
of  50  volts.  The  dimensions  of  the  iron  core  are  such  that 
the  magnetic  flux  is  limited  to  200,000  lines.  The  frequency 
is  125.  How  many  turns  must  be  wound  on  the  core  to 
produce  the  desired  effect  ?  Ans.   45  turns. 

(1785)  {a)  What  effect  has  the  resistance  of  the  primary 
and  secondary  coils  of  a  transformer  upon  the  efficiency  ? 
(d)  What  effect  has  the  resistance  upon  the  regulation  ? 

(1786)  (a)  How  would  you  define  the  henry  ?  (d)  What 
does  it  mean  if  it  is  stated  that  a  coil  of  50  turns  has  an 
inductance  of  5  henrys  ? 

(1787)  Why  are  alternators  with  armatures  having  high 
self-inductance  not  liable  to  be  damaged  by  short  circuits  ? 
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(1788)  What  chief  advantage  have  polyphase  synchronous 
motors  over  single-phase  motors  of  the  same  type  ? 

(1789)  "What  chief  advantage  have  induction  motors 
over  polyphase  synchronous  motors  ? 

(1790)  Explain  the  essential  parts  of  a  polyphase  induc- 
tion motor, 

(1791)  An  alternator  A,  Fig.  47,  is  connected  to  a  circuit 
having  a  resistance  i?  =  150  ohms,  an  inductance  Z=.  3  henry, 
and  a  capacity  y=  15  microfarads. 


-1000  Volts. 


Freqi*eney=6Q.  R  L 

150  Ohm».  ,3  Ueuzy. 

Fig.  47. 


IS  M.F. 


The  alternator  maintains  a  pressure  of  1,000  volts  across 
the  circuit  and  the  frequency  is  60.  {a)  Required  the  cur- 
rent which  will  be  set  up  by  the  impressed  E.  M.  F.  of  1,000 
volts,  {b)  Determine  whether  this  current  is  ahead  of  the 
E.  M,  F.  or  behind  it,  and  by  what  amount,  {c)  Determine 
the  watts  expended  in  the  circuit. 

({a)  G.  13  amperes. 
Ans.  ■!  {b)  Ahead  by  23°  5'. 
(  {c)   5,633  watts. 

(1792)  {a)  What  is  meant  by  the  power  factor  of  a  sys- 
tem ?  {b)  What  is  the  largest  value  that  the  power  factor 
can  ever  have  ? 

(1793)  {a)  What  is  the  best  method  of  measuring  the 
power  expended  in  an  alternating-current  circuit?  {b)  Ex- 
plain the  instrument  which  you  would  use  for  this  purpose, 
and  {c)  give  a  diagram  showing  how  you  would  connect  it  up. 

(1794)  If  a  transformer  were  connected  up  with  its  pri- 
mary across  continuous-current  mains,  what  would  be  the 
result  ? 

(1795)  Explain  how  the  current  is  set  up  in  the  armature 
of  an  induction  motor  without  the  armature  being  connected 
in  any  way  to  an  outside  circuit 
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(179G)  If  the  secondary  coil  of  a  transformer  becomes 
short-circuited  accidentally  by  the  terminals  becoming  con- 
nected, how  will  the  current  in  the  primary  be  affected  ? 

(1797)  How  may  the  speed  of  an  induction  motor  be 
regulated  ? 

(1798)  (a)  What  causes  magnetic  leakage  in  a  trans- 
former ?  (d)  How  does  magnetic  leakage  affect  the  action 
of  the  transformer  ?     (c)  How  may  it  be  largely  obviated  ? 

(1799)  {a)  How  does  the  current  in  the  armature  of  an 
induction  motor  change  as  the  load  increases  ?  (d)  Explain 
the  cause  of  the  change  in  current. 

(1800)  What  kind  of  winding  would  be  suitable  for  the 
field  of  a  three-phase  induction  motor  ? 

(1801)  If  a  synchronous  motor  be  loaded  too  heavily, 
what  will  be  the  result  ? 

(1802)  An  alternating  current  of  25  effective  amperes  is 
flowing  through  a  circuit,  {a)  What  is  the  highest  value 
that  the  current  reaches  ?     (d)  What  is  its  average  value  ? 

.         j  {a)  35.36  amperes. 
"^'  I  {d)  22.52  amperes. 

(1803)  If  an  alternator  furnishes  an  effective  pressure  of 
2,000  volts,  what  is  the  highest  pressure  that  the  insulation 
on  the  armature  has  to  stand  ?  Ans.   2,828  volts. 

(1804)  An  alternator  has  10  poles  and  runs  at  the  rate  of 
1,500  R.  P.  M.  Its  armature  is  provided  with  800  face  con- 
ductors or  400  turns,  all  of  which  are  connected  in  series. 
The  flux  through  each  pole  face  is  900,000  C.  G.  S.  lines. 
(a)  What  will  be  the  frequency  ?  (^)  What  voltage  will  be 
obtained  between  the  collector  rings  at  no  load  ? 

j  {a)  125  cycles  per  second. 
{{d)  1,998  volts. 

(1805)  If  a  condenser  has  a  capacity  of  20  microfarads, 
how  long  would  an  average  current  of  .1  ampere  have  to 
flow  into  it  to  raise  the  pressure  between  its  terminals  to 
1,000  volts  ?  Ans.  |  second. 
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(1806)  An  induction  motor  is  so  wound  as  to  have  6  poles 
and  is  run  from  an  alternator  giving  a  frequency  of  60. 
What  speed  will  the  motor  run  at  when  not  loaded  ? 

Ans.   1,200  rev.  per  min. 

(1807)  How  does  a  synchronous  motor  adjust  itself  to 
changes  of  load  without  changing  its  speed  ?  That  is,  how 
is  it  that  the  current  flowing  through  the  armature  is  allowed 
to  increase  as  the  load  increases  ? 

(1808)  What  effect  has  inductance  upon  the  size  of  wire 
necessary  in  power-transmission  lines  ? 

(1809)  A  circuit  contains  reactance,  due  to  self-induction, 
of  20  ohms,  and  reactance,  due  to  capacity,  of  15  ohms. 
The  resistance  of  the  circuit  is  10  ohms,  {a)  Will  the 
current  be  ahead  of  the  impressed  E.  M.  F.  or  behind  it  ? 
(d)  What  will  be  the  value  of  the  angle  of  phase  difference  ? 

j  {a)  Current  behind  E.  M.  F. 
•  1  (d)  Angle  of  lag  =  26°  34'. 

(1810)  Explain  how  the  field  of  an  alternator  may  be 
strengthened  so  as  to  keep  the  voltage  constant  when  the 
machine  is  not  provided  with  compound  windings  on  its 
field  spools. 

(1811)  If  an  induction  motor  is  built  with  a  high-resist- 
ance secondary  winding,  how  will  its  speed  be  affected  ? 

(1812)  A  three-phase  alternator  with  a  Y-connected 
armature  generates  a  pressure  of  1,100  volts  and  is  capable 
of  delivering  a  current  of  50  amperes,  (a)  What  would  the 
voltage  be  between  the  collector  rings  if  the  same  winding 
were  connected  up  A  ?  (^)  What  would  be  the  current  out- 
put with  the  A  winding  ?  a        \^^^  ^^^  volts. 

I  (d)  86.6  amperes. 

(1813)  {a)  How  do  eddy-current  losses  in  the  core  of  a 
transformer  affect  its  action  ?  {d)  How  may  these  losses  be 
reduced  ? 

(1814)  Explain  how  it  is  that  a  well-constructed  trans- 
former maintains,  automatically,  a  nearly  constant  pressure 
between  its  secondary  terminals,  and  takes  current  in  the 
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primary  in  proportion  to  the  work  which  it  is  doing  in  the 
secondary. 

(1815)  What  determines  the  amount  of  current  which  a 
transformer  takes  from  the  line  when  its  secondary  is  on 
open  circuit  ? 

(1816)  Why  is  it  necessary  to  have  a  resistance  in  series 
with  the  armature  of  an  induction  motor  when  starting  up  ? 

(1817)  (a)  What  is  meant  by  the  slip  of  an  induction 
motor  ?  {d)  What  is  the  slip  when  the  motor  is  held  from 
turning  ? 

(1818)  A  three-phase  rotary  transformer  is  supplied  with 
continuous  current  at  220  volts.  What  will  be  the  voltage 
between  the  collector  rings  on  the  alternating-current  side 
of  the  machine  ?  Ans.  134.6  volts. 

(1819)  Show  why  the  E.  M.  F.  necessary  to  overcome 
self-induction  is  90°  ahead  of  the  current  in  phase, 

(1820)  (a)  What  effect  does  the  hysteresis  loss  in  the 
core  have  on  the  action  of  a  transformer  ?  (b)  How  may 
this  loss  be  kept  down  ?  {c)  Why  should  special  care  be 
taken  to  have  it  small  in  transformers  used  for  lighting  work  ? 

(1821)  {a)  Show  how  two  transformers  may  be  connected 
up  so  as  to  transform  two-phase  to  three-phase  currents. 
(d)  If  the  primaries  of  the  transformers  used  have  each 
600  turns,  what  must  be  the  number  of  turns  on  the  second- 
aries, the  two-phase  voltage  being  1,000,  and  the  three- 
phase,  200  ?  Ans.   {d)  120  turns  and  104  turns. 

(1822)  Why  are  open  slots  preferred  for  induction-motor 
armatures  and  fields  ? 

(1823)  It  is  desired  to  raise  the  pressure  30  volts  on  a 
certain  feeder  running  from  a  station  by  connecting  the 
secondary  of  a  special  transformer  in  series  with  the  feeder. 
The  dynamo  pressure  is  2,000  volts,  and  the  transformer 
primary  is  to  be  connected  across  its  terminals,  as  shown 
in  Fig.  48.  The  primary  coil  is  wound  with  800  turns. 
(a)  Find  the  number  of  turns  on  the  secondary  which  must 
be  connected  in  series  with  the  feeder,     [d)  If  the  maximum 
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current  delivered  over  the  feeder  is  20  amperes,  and  the 
secondary  coil  can  safely  carry  1  ampere  for  every  1,000 

-30  r^ H 


Fig.  48. 


circular  mils  cross-section,  find  the  size  of  wire  to  be  used 
in  the  secondary,  {c)  How  many  watts  output  should  this 
transformer  have  ?  (  (a)  12  turns. 

Ans.  ]  {d)  No.  7  B.  &  S. 
(  (c)  600  watts. 

(1824)  A  two-phase  rotary  transformer  is  supplied  with 
alternating  current  at  400  volts.  What  will  be  the  pressure 
obtained  between  the  brushes  on  the  direct-current  side  ? 

Ans.  565.7  volts. 

(1825)  A  monocyclic  alternator  has  16  poles  and  runs  at 
the  rate  of  450  R.  P.  M.  Its  armature  has  800  face  con- 
ductors, or  400  turns  connected  in  series,  and  the  flux 
through  each  pole  is  1,250,000  lines,  {a)  Find  the  voltage 
between  ^he  two  outside,  or  main,  collector  rings.  {d\  Find 
the  voltage  between  the  middle  and  outer  rings,  provided 
the  "teazer"  winding  has  ^  as  many  turns  as  the  main 
winding.  j  {a)  1,332  volts. 

(  (d)  745  volts,  nearly. 

(1826)  A  transformer  is  to  have  its  primary  designed  for 
connection  to  2,000-volt  mains  and  a  frequency  of  125  cycles 
per  second.  The  magnetic  flux  in  the  iron  core  is  limited 
to  500,000  lines,  (a)  How  many  turns  should  there  be  in 
the  primary  coil  ?  (d)  How  many  turns  should  there  be  in 
the  secondary  if  the  secondary  voltage  is  to  be  100  ? 

(  (If)  36  turns. 

(1827)  A  three-phase  induction  motor  has  a  commercial 
efficiency  of  80j^  and  a  power  factor  of  .85.  (a)  What  cur- 
rent will  it  take  from  the  primary  mains  when  delivering 
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20  H.  P.  at  the  pulley,  provided  the  pressure  between  the 
primary  mains  is  220  volts  ?  (d)  What  will  be  the  current 
in  the  field  windings  if  the  coils  are  connected  up  A  ? 

Ans   \  ^^^  ^^'^  amperes  in  each  line, 
'  (  {d)  33.2  amperes. 

(1828)  Calculate  the  size  of  wire  necessary  to  transmit 
200  H.  P.  over  a  line  25  miles  long  at  a  pressure  of  10,000 
volts  with  a  line  loss  of  1,000  volts,  the  frequency  being  GO. 
The  load  is  non-inductive  and  the  wires  are  18  inches  apart 
on  the  poles. 

Ans.  Between  No.  3  and  No.  4  B.  &  S.  No.  3  would  prob- 
ably be  used. 

(1829)  {a)  Does  the  magnetic  flux  in  the  core  of  a  trans- 
former vary  with  the  load  ?  (d)  Do  the  core  losses  increase 
with  the  load  ? 

(1830)  Show  how  lagging  currents  in  a  system  may  limit 
the  useful  output  of  the  alternators  in  the  station. 

(1831)  How  may  a  Cardew  voltmeter,  or  other  alterna- 
ting-current voltmeter,  be  used  to  measure  the  strength  of 
an  alternating  current  ? 

(1832)  Resolve  a  current  of  50  amperes  into  two  equal 
currents  differing  in  phase  by  G0°,  and  find  the  value  of  these 
currents.     Illustrate  by  means  of  a  diagram  drawn  to  scale. 

Ans.   28.8  amp. 

(1833)  An  induction  motor  having  10  poles  is  connected 
to  an  alternator  of  frequency  GO.  (a)  What  speed  will  the 
motor  run  at  when  operating  under  no  load  ?  (d)  What  will 
be  its  speed  at  full  load,  provided  the  slip  is  5^  ? 

j  (a)  720  R.  P.  M. 
(  {d)  684  R.  P.  M. 

(1834)  {a)  Show  how  to  construct  a  sine  curve,  (d)  At 
what  point  is  a  sine  wave  changing  most  rapidly  ? 

(1835)  A  three-phase  alternator  has  a  A-connected  arma- 
ture. Its  output  is  150  K.  W.  and  the  line  voltage  is  1,000. 
{a)  What  is  the  full-load  current  in  the  lines  ?     (d)  What  is 
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the  full-load  current  which  the  wire  on  the  armature  has 
to  carry  ?  .         j  {a)  8G.0  amperes. 

(  {d)  50  amp. 

(1836)  How  may  the  power  supplied  to  a  circuit  be 
measured  by  means  of  three  voltmeters  ? 

(1837)  {a)  Why  are  open-circuit  windings  used  largely 
on  alternator  armatures  ?  (d)  Does  the  kind  of  winding 
used  affect  the  frequency,  and  if  not,  why  ? 

(1838)  A  transformer  carrying  a  load  of  100  lamps 
consuming  50  watts  each  requires  a  primary  current  of 
G\  amperes  at  a  primary  pressure  of  1,000  volts,  (a)  What 
is  the  apparent  efficiency  of  the  transformer  ?  (d)  If  the 
power  factor  at  this  load  is  .85,  what  is  the  real  amount  of 
energy  consumed  in  the  primary  ?  (c)  What  is  the  true 
efficiency  for  this  load  ?  {{a)  76.95^. 

Ans.  ]  (d)  5,525  watts. 
({c)  90.5^. 

(1839)  Why  can  not  Y-connected  armatures  be  used  for 
three-phase  rotary  transformers  ? 

(1840)  Why  should  the  width  of  opening  in  the  coils  of 
an  alternator  armature  never  be  but  slightly  less  than  the 
width  of  the  pole  face  ? 
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(1841)  Why  are  the  core  losses  in  alternator  armatures 
liable  to  be  greater  than  those  in  continuous-current  arma- 
tures of  the  same  output  if  care  is  not  taken  in  their  design  ? 

(1842)  Under  what  conditions  may  armature  self-induc- 
tion limit  the  output  of  an  alternator? 

(1843)  About  how  many  watts  per  square  inch  of  cylin- 
drical surface  should  a  well-ventilated  armature  be  capable 
of  radiating  with  a  rise  in  temperature  of  40°  C,  ? 

(1844)  What  is  the  general  effect  of  armature  reaction 
upon  the  voltage  obtained  between  the  collector  rings  of  an 
alternator,  the  field  excitation  of  which  is  kept  constant  ? 

(1845)  Explain  how  an  alternator  may  be  made  to  regu- 
late for  constant  current  by  the  use  of  an  armature  having 
high  self-induction. 

(1846)  A  single-phase  alternator  has  16  poles  and  runs  at 
a  speed  of  450  revolutions  per  minute.  Its  armature  is  pro- 
vided with  16  slots,  with  30  conductors  in  each  slot.  The 
flux  from  each  pole-piece  is  3,000,000  lines,  (u)  What  volt- 
age will  be  obtained  between  the  collector  rings  at  no  load  ? 
(d)  If  the  winding  were  placed  in  32  equally  spaced  slots, 
with  15  conductors  per  slot,  what  would  be  the  voltage  at 
no  load  ?  {c)  If  the  winding  were  placed  in  48  slots  with 
10  conductors  in  each  slot,  what  would  be  the  voltage  ? 

i{a)  1,918  volts. 
(d)  1,356  volts. 
{/)  1,279  volts. 

For  notice  of  copjritiht,  gee  page  immediately  following  the  title  p«g«. 
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(1847)  {a)  Under  what  conditions  would  you  use  bars  for 
an  armature  winding  rather  than  wire  ?  (d)  "When  would 
wire  be  preferable  ? 

(1848)  Why  are  the  coils  or  bars  of  distributed-wound 
armatures  very  often  arranged  in  two  layers  ? 

(1849)  A  single-phase  alternator  has  12  poles  and  runs 
at  the  rate  of  300  R.  P.  M.  The  flux  from  each  pole  is 
3,000,000  lines  and  the  armature  has  12  slots,  {a)  How 
many  turns  must  be  placed  on  the  armature  in  order  to 
obtain  1,500  volts  between  the  collector  rings?  (/;)  How 
many  turns  would  be  needed  if  the  winding  were  placed  in 
24  slots  ?  j  («)  375  turns. 

I  (b)  530  turns. 

(1850)  {a)  What  is  the  resistance  of  a  foot  of  copper  wire 
.001  inch  in  diameter  at  ordinary  temperatures  ?  (/;)  What 
is  the  resistance  of  a  mil-foot  of  copper  at  the  usual  working 
temperature  met  with  in  dynamos  ?       .         j  (^)  10.4  ohms. 

■  i{d)  11.5  ohms. 

(1851)  Why  is  it  necessary  to  insulate  between  the  sep- 
arate layers  of  heavy  armature  coils  and  primary  coils  of 
transformers  ? 

(1852)  A  three-phase  two-coil  winding  is  to  be  provided 
for  a  16-pole  alternator;  if  the  winding  is  arranged  in  two 
layers,  how  many  slots  will  the  armature  have  ?       Ans.   96. 

(1853)  Why  is  it  necessary  to  have  higher  insulation  on 
the  field  spools  of  an  alternator  which  is  provided  with  com- 
pound coils  connected  to  the  armature  than  on  the  spools  of 
a  plain  separately-excited  machine  ? 

(1854)  Why  are  revolving  shunts  sometimes  used  in 
connection  with  alternator  rectifiers  ? 

(1855)  What  is  the  principal  factor  which  limits  the  out- 
put of  an  alternator  ? 

(1856)  Why  are  the  effects  of  armature  reaction  of  less 
importance  in  alternators  than  in  direct-current  machines  ? 

(1857)  (a)  Explain  how  eddy  currents  may  be  avoided 
to  a  large  extent  in  armature  cores,     (d)  Why  is  the  eddy- 
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current  loss  apt  to  be  large  in  alternators  if  care  is  not  taken 
in  constructing  the  core  ?  (c)  How  do  eddy-current  losses 
vary  with  the  frequency  ? 

(1858)  How  may  an  alternator  armature  be  constructed 
so  as  to  have  a  low  inductance  ? 

(1859)  A  three-phase  alternator  has  8  poles  and  runs  at 
a  speed  of  900  revolutions  per  minute.  Its  armature  has 
24  slots,  with  GO  conductors  in  each.  The  flux  from  one  pole 
is  2,500,000  lines,  (a)  What  will  be  the  E.  M.  F.  generated 
in  each  phase  at  no  load  ?  (d)  What  E.  M.  F.  would  be 
obtained  per  phase  if  the  armature  had  48  slots  with  30  con- 
ductors in  each?  (c)  If  the  armature  had  the  whole  1,440 
conductors  spread  evenly  over  the  surface,  what  would  be 
the  E.  M.  F.  generated  per  phase  ?  r  {a)  1,598  volts. 

Ans.  }{d)  1,542  volts. 
i{c)  1,518  volts. 
(1800)     What   would   you   consider  a  fair   value  of   the 
peripheral  speed  for  a  150  K.  W.  GO-cycle  alternator  ? 

(18G1)  (a)  About  what  thickness  of  iron  should  be  used 
for  alternator-armature  disks  ?  {d)  Why  is  the  amount  of 
iron  in  alternator-armature  cores  usually  smaller  than  in 
those  of  continuous-current  machines  of  corresponding 
output  ? 

(18G2)  Why  are  distributed  windings  not  suitable  for 
high-voltage  machines  ? 

(18G3)  A  single-phase  alternator  is  to  deliver  200  K.  W. 
at  2,300  volts.  The  current  density  in  the  armature  con- 
ductors is  to  be  in  the  neighborhood  of  500  circular  mils  per 
ampere,  (a)  What  should  be  the  approximate  cross-section 
of  the  conductor  in  circular  mils  ?  (/;)  Give  an  arrange- 
ment of  conductor  which  you  think  would  be  suitable  for 
this  case, 

(18G4)  {a)  Explain  how  the  resistance  of  a  wire  may  be 
calculated  when  its  length,  area  of  cross-section  in  circular 
mils,  and  the  resistance  of  a  mil-foot  are  known,  {d)  Cal- 
culate the  hot  resistance  of  1,600  feet  of  copper  conductor 
having  a  cross-section  of  11,500  circiilar  mils. 

Ans.  {d)  1.6  ohms. 
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(1865)  Will  the  size  of  a  three-phase  armature  for  a  given 
output  be  any  greater  for  a  A  winding  than  for  a  Y  winding  ? 
Give  reasons  for  your  answer. 

(186G)  Why  should  induction  motors  be  provided  with 
specially  stiff  shafts  ? 

(18G7)  The  cross-section  of  a  12o-cycle  transformer  core 
is  10  square  inches.  The  primary  voltage  is  1,000.  (a)  About 
what  value  should  the  total  magnetic  flux  have  ?  (l?)  How 
many  turns  should  be  placed  on  the  primary  ?  (r)  If  the 
secondary  voltage  is  to  be  50,  about  how  many  turns  should 
there  be  on  the  secondary  coil  ?      ^  {a)  About  200,000  lines. 

Ans.  <  {b)  900  turns,  nearly. 
\  {c)  45  turns. 

(1868)  Why  do  alternators  with  armatures  of  high  induc- 
tance require  more  powerful  series  coils  on  the  field  than 
those  having  armatures  of  low  inductance  ? 

(1869)  What  is  a  fair  value  for  the  magnetic  density  in 
the  cast-iron  yoke  of  an  alternator  ? 

(1870)  What  effect  would  an  air-gap  in  the  magnetic 
circuit  of  a  transformer  have  on  the  current  in  the  primary, 
the  secondary  being  on  open  circuit  ? 

(1871)  How  may  the  series  coils  of  a  compound-wound 
alternator  be  supplied  with  a  rectified  current  proportional 
to  the  load  without  having  the  coils  electrically  connected 
to  the  armature  winding  ? 

(1872)  If  an  induction  motor  is  to  run  at  a  speed  of 
about  1,500  R.  P.  M.  on  a  125-cycle  circuit,  how  many  poles 
should  its  field  be  wound  for  ? 

(1873)  What  causes  the  armature  of  an  alternator  to 
heat  up  when  it  is  run  on  open  circuit  in  a  fully  excited 
field  ? 

(1874)  {a)  What  determines  the  rise  in  temperature  at 
which  it  is  safe  to  work  an  alternator  armature  continu- 
ously ?  {b)  What  would  you  consider  a  fair  value  for  the 
allowable  rise  in  temperature  ? 
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(1875)  Why  does  an  induction  motor  with  a  low-resist- 
ance armature  give  better  speed  regulation  than  one  with 
an  armature  of  high  resistance  ? 

(1876)  How  does  the  reaction  of  an  alternator  armature 
affect  the  field  in  case  the  armature  has  no  inductance  ? 

(1877)  What  class  of  alternator  armatures  have  high  self- 
induction  ? 

(1878)  Give  the  dimensions  of  a  pulley  (face  and  diame- 
ter) which  you  would  consider  suitable  for  a  250  K.  W. 
alternator  running  at  450  R,  P.  M. 

(1879)  Why  is  it  that  the  core  losses  in  the  secondary  of 
an  induction  motor  are  usually  small  ? 

(1880)  How  does  armature  reaction  in  an  alternator 
affect  the  field  when  the  current  in  the  armature  lags  behind 
the  E.  M.  F.  ? 

(1881)  An  alternator  armature  has  10  coils  connected  in 
series,  each  of  which  has  20  turns  and  an  inductance  of  .01 
henry,  {a)  What  will  be  the  total  inductance  of  the  arma- 
ture ?  {d)  If  the  winding  is  split  up  into  20  coils  of  10  turns 
each,  what  will  be  the  total  inductance,  other  things  being 
equal?  Ua)  .1  henry. 

I  (^)  .05  henry. 

(1882)  (a)  How  do  the  windings  for  induction-motor 
fields  compare  with  those  used  for  polyphase  armatures  ? 
{d)  Why  are  induction-motor  field  windings  usually  placed 
in  slots  rather  than  on  projecting  poles  ? 

(1883)  How  does  the  percentage  C*R  loss  in  small  alter- 
nators compare  with  the  same  loss  in  large  machines  ? 

(1884)  (a)  Upon  what  quantities  does  the  hysteresis  loss 
in  a  core  depend  ?  {d)  Does  building  the  core  up  out  of 
disks  affect  this  loss  or  decrease  it  ? 

(1885)  A  transformer  has  a  capacity  of  5  K.  W.,  costs 
$30,  and  has  a  core  loss  of  120  watts.  Another  transformer, 
also  of  5  K.  W.  capacity,  costs  $50,  and  has  a  core  loss  of 
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90  watts,  (a)  If  power  is  worth  10  cents  per  kilowatt-hour 
and  the  pressure  is  maintained  continuously,  how  much  will 
the  core  losses  in  each  of  the  transformers  cost  per  year  ? 
{/?)  With  interest  and  depreciation  at  10^,  which  transformer 
would  be  the  more  economical  to  use  ? 

.  ,   ,  j  1st  transformer,  $105.12. 

■    ^"^^  (  2d  transformer,  178.84. 

(1886)  If  an  armature  core  has  a  volume  of  2,200  cubic 
inches  and  runs  at  a  speed  of  900  R.  P.  M.  in  an  8-pole 
field,  calculate  the  watts  wasted  in  hysteresis,  assuming  that 
the  iron  is  of  good  average  quality  and  is  worked  at  a  density 
of  25,000  lines  per  square  inch.  Ans.   363  watts. 

(1887)  How  does  the  peripheral  speed  affect  the  radi- 
ating capacity  of  an  armature  ? 

(1888)  How  may  the  strength  of  the  compound  coils  of 
an  alternator  be  adjusted  ? 

(1889)  If  the  frequency  of  an  alternator  were  doubled  by 
running  it  up  to  twice  its  normal  speed,  how  would  the  eddy- 
current  losses  in  the  armature  core  be  affected  ? 

(1890)  Why  is  it  better  to  insert  resistance  in  series  with 
the  armature  rather  than  the  field  of  an  induction  motor 
when  a  good  starting  torque  is  desired  ? 

(1891)  {a)  What  quantities  determine  the  size  of  wire  to 
be  used  for  the  separately-excited  winding  of  an  alternator  ? 
(d)  Show  how  the  size  of  wire  may  be  determined  when 
these  quantities  are  known. 

(1892)  (a)  What  determines  the  angular  distance  between 
the  arms  of  the  rocker  carrying  the  rectifier  brushes  on  an 
alternator  ?  (l?)  What  would  be  the  angular  distance 
between  the  tips  of  the  rectifier  brushes  for  a  16-pole 
machine  ?  Ans.   (d)  157.5°. 

(1893)  (a)  Why  should  the  air-gap  of  an  induction  motor 
be  made  just  as  small  as  possible  ?  {I')  About  what  value 
should  be  used  for  the  density  in  the  air-gap  of  these  motors  ? 

(1894)  {a)  How  does  the  magnetic  flux  in  the  yoke  of  an 
alternator  compare  with  that  in  the  pole-pieces  ?  (d)  How 
does  the  flux  in  the  pole-pieces  compare  with  that  in  the 
air-gap  ? 
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(1895)  Why  are  alternator  magnet  yokes  (stationary) 
usually  made  of  cast  iron  in  preference  to  cast  steel  ? 

(189G)  An  induction  motor  is  provided  with  a  three- 
phase  primary  winding  Y-connected.  There  are  72  slots, 
with  12  conductors  per  slot.  The  secondary  is  also  provided 
with  a  three-phase  Y-connected  winding  with  48  slots  and 
2  bars  per  slot,  (a)  If  the  full-load  current  in  each  primary 
phase  is  50  amperes,  what  will  be  the  current  which  the 
bars  in  the  secondary  have  to  carry  at  full  load,  assuming 
the  power  factor  of  the  secondary  to  be  1  ?  (d)  If  800  cir- 
cular mils  per  ampere  is  allowed,  what  should  be  the  cross- 
section  of  the  bars  in  square  mils  ? 

j  {a)    450  amperes. 

•  I  (d)   282,000  sq.  mils. 

(1897)  (a)  What  is  meant  by  a  unicoil  or  concentrated 
glternator  armature  winding  ?  {^)  What  are  the  advantages 
of  this  style  of  winding  ?  (r)  What  are  the  disadvantages 
of  concentrated  windings  ? 

(1898)  The  density  in  the  teeth  of  an  induction-motor 
field  is  40,000  lines  per  square  inch.  The  volume  of  the 
teeth  is  200  cubic  inches  and  the  volume  of  the  core  below 
the  teeth  is  500  cubic  inches;  what  will  be  the  total  hysteresis 
loss  if  the  density  in  the  core  under  the  teeth  is  20,000  lines 
per  square  inch,  and  the  motor  runs  at  125  cycles  ? 

Ans.   268.75  watts. 

(1899)  A  two-phase  12-pole  alternator  is  provided  with 
24  slots,  in  each  of  which  are  50  conductors.  The  machine 
runs  at  a  speed  of  GOO  R.  P.  M.  and  the  flux  from  one  pole 
is  2,000,000  lines,  (a)  What  will  be  the  voltage  generated 
in  each  phase  ?  (^)  If  the  1,200  conductors  were  spread 
evenly  over  the  surface,  what  voltage  would  be  obtained  ? 

Ua)  1,598.4  volts. 
(  {d)  1,438.56  volts. 

(1900)  Why  should  bolts  passing  through  armature 
laminations  or  transformer  cores  be  avoided  whenever 
possible  ? 

(1901)  Why  are  alternators  with  stationary  armatures 
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better  adapted  for  the  generation  of  high  voltages  than 
those  with  revolving  armatures  ? 

(1902)  A  transformer  carries  a  load  during  the  day  which 
is  equivalent  to  its  full-load  output  of  5  K.  W.  for  6  hours. 
The  secondary  voltage  is  100  and  the  primary  1,000.  The 
OR  loss  in  the  primary  at  full  load  is  GO  watts  and  in  the 
secondary  50  watts.  The  core  loss  is  95  watts  and  the  no- 
load  current  is  supposed  to  be  negligible.  What  will  be  the 
efficiency  {a)  at  full  load  ?  {b)  at  \  load  ?  (r)  What  will  be 
the  all-day  efficiency  ?  (  {a)  96.  OG^. 

Ans.  ]  \b)  95.33}^. 
{\c)  91.07^. 

(1903)  Is  there  any  hysteresis  loss  in  the  field-magnet  of 
an  alternator  which  is  excited  by  a  steady  continuous  cur- 
rent ?     Give  reasons  for  your  answer. 

(1904)  {a)  What  materials  are  best  suited  for  insulating 
armature  coils  ?  (/5)  What  materials  are  generally  used  for 
lining  armature  slots  ? 

(1905)  Why  are  highly  saturated  armature  teeth  an 
advantage  in  direct-current  machines  and  a  disadvantage 
in  alternators  and  induction  motors  ? 

(1906)  {a)  What  are  the  advantages  in  using  oil  insula- 
tion for  transformers  ?  {h)  Why  is  it  important  to  have 
high  insulation  between  the  primary  and  secondary  coils  of 
a  transformer  ? 

(1907)  What  is  a  fair  value  for  the  magnetic  density  in 
the  armature  core  of  a  60-cycle  alternator  ? 

(1908)  A  two-phase  armature  has  a  resistance  of  .75  ohm 
in  each  phase.  The  output  is  75  K.  W.  at  1,100  volts. 
What  will  be  the  number  of  watts  lost  in  the  armature 
windings?  Ans.   1,743.2  watts. 

(1909)  {a)  About  what  value  should  the  magnetic  den- 
sity have  in  the  air-gap  of  an  alternator  with  cast-iron  pole- 
pieces  ?  {b)  What  density  may  be  used  if  the  pole-pieces 
are  made  of  wrought  iron  ? 

(1910)  Explain  how  you  would  obtain  the  length  of  an 
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induction-motor  field  parallel  to  the  shaft,  being  given  the 
allowable  air-gap  density,  total  magnetic  flux,  diameter  of 
field,  and  number  of  poles. 

(1911)  (a)  What  is  meant  by  a  distributed  or  multicoil 
armature  winding  ?  (d)  What  are  the  advantages  and  dis- 
advantages of  this  style  of  winding  ? 

(1912)  A  three-phase  induction  motor  operating  on 
GO  cycles  is  provided  with  a  A-connected  field  winding. 
The  flux  from  one  pole  is  500,000  lines  and  the  line  voltage 
is  500.  The  winding  may  be  taken  as  uniformly  distributed. 
{a)  How  many  turns  should  there  be  in  each  phase  ?  (^)  If 
the  power  factor  of  the  motor  is  .85  when  10,000  true  watts 
are  being  delivered  to  it  from  the  line,  what  will  be  the  cur- 
rent in  each  line  ?  (c)  What  will  be  the  current  in  each 
phase  under  the  same  conditions  ?      /  (a)  396  turns,  nearly. 

Ans.  }  {b)  13.59  amp. 
(\c)  7.84  amp. 

(1913)  The  flux  from  one  pole  of  an  alternator  is 
2,500,000  lines.  The  outside  diameter  of  the  armature  is 
28  inches,  and  the  slots  are  2  inches  deep.  The  armature 
core  is  to  be  worked  at  a  density  of  30,000  lines  per  square 
inch,  and  the  length  of  the  iron  in  the  core  parallel  to  the 
shaft  is  15  inches,  [a)  What  will  be  the  necessary  area  of 
cross-section  of  iron  in  the  core  under  the  slots  ?  {b)  What 
will  be  the  inside  diameter  of  the  armature  core  disks  ? 

{{a)  41.66  sq.  in. 
{{b)  About  18^  in. 

(1914)  {a)  How  would  you  arrange  the  coils  of  a  trans- 
former so  that  the  drop  in  the  secondary  voltage  due  to 
magnetic  leakage  shall  be  small  ?  {b)  If  the  secondary  coil 
of  a  transformer  has  a  resistance  of  .02  ohm  and  the  primary 
has  a  resistance  of  5  ohms,  what  will  be  the  falling  off  in 
secondary  voltage  when  the  secondary  is  delivering  50  am- 
peres? Neglect  the  drop  in  primary  due  to  magnetizing 
current  and  also  drop  due  to  magnetic  leakage.     Ratio  of 

e  •       •    ^-^      ,       •       primary  volts 

transformation  is  20 :  that  is,  -^ ^ r-  =  20. 

secondary  volts 

Ans.   (^)  1.625  volts. 


2954    ALTERNATING-CURRENT  APPARATUS. 

(1915)  An  alternator  has  8  poles,  the  windings  on  which 
are  connected  in  series  and  excited  from  a  220- volt  dynamo. 
Each  pair  of  coils  has  to  supply  4,000  ampere-turns,  and  the 
mean  length  of  a  turn  is  40  inches.  The  field  is  connected 
to  the  exciter  through  a  regulating  rheostat,  the  drop  in 
which  is  25  volts.  Find  the  area  in  circular  mils  cross- 
section  of  the  wire  required  for  the  winding,  and  give  the 
nearest  size  B.  &  S. 

Ans.   3,145  circular  mils.     No.  15  B.  &  S. 

(1916)  A  three-phase  armature  is  A-wound  to  deliver 
50  K.  W,  at  a  line  pressure  of  1,100  volts.  The  resistance 
per  phase  is  1.5  ohms,  (a)  What  will  be  the  total  CR  loss 
in  the  armature  at  full  load  ?  {d)  What  will  be  the  drop  in 
voltage  between  the  lines  due  to  the  armature  resistance  ? 

j  (a)  1,033  watts. 
i{d)  22.7  volts. 

(1917)  Why  should  the  pole-pieces  of  alternators  be 
laminated  ? 

(1918)  A  two-phase  alternator  has  an  output  of  175  K.  W. 
at  3,000  volts.  What  size  wire,  B.  &  S.,  would  you  use  for 
winding  the  armature  in  order  to  have  ai^^llowance  of  about 
500  circular  mils  per  ampere  ? 

Ans.  14,580  circular  mils;  between  No.  8  and  No.  9 
B.  &  S.     No.  8  would  probably  be  used. 
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